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A temperature gradient applied to a mixture of
gases or of liquids results in a gradient in the con¬
centration of each component along that temperature
gradient. This phenomenon is known as Thermal Dif¬
fusion. A great deal of experimental work has "been
done with gases hut much less has been done with
liquids. The theory of the process also has been the
subject of much investigation in the case of gases, but
again on the theoretical side less attention has been
given to liquids. There is in fact much need for more
experimental work in the case of liquids in order to
study the effect of varying the various parameters
which control the separation, with a view to further
development of the theory.
There are two distinct ways in which thermal dif¬
fusion experiments may be carried out:-
(i) without convection, (ii) with convection.
"
The former are the easier to treat theoretically
but the actual separations obtained are much smaller
than in the latter case. Experiments of both kinds
have been carried out with liquids and with gases, and
it is proposed to give a short summary of this v/ork.




(a) Thermal diffusion in Liquids without convection,
(h) Thermal diffusion in Gases without convection.
(c) Thermal diffusion in Gases with convection.
(d) Thermal diffusion in Liquids with convection.
This is the order in which the phenomena were observed
experimentally,
(a) Thermal Diffusion in Liquids without convection,
(often called The "Soret" Effect)
As far as is known the first experiments which
were carried out on thermal diffusion in Liquids were
those of Ludwig. He joined together the necks of two
retorts and filled the resulting vessel which was es¬
sentially an inverted U-tube, with a solution of sodium
sulphate. The bulb of one of the retorts was placed
in boiling water and the other in melting ice, and
after two days a crust of crystals appeared in the cold
bulb. After eight days the solution was decanted from
these crystals* and analysed, and the solution from the
hot bulb was also analysed, when it was found that
there was 0.44$ more of the salt in the solution in the
cold bulb than in the hot. This greater concentration
in the region of lower temperature is thus the first
demonstration of the effect. Ludwig also believed




effect. But it can readily be shown that this is not
so; the solid appears on account of the smaller solu¬
bility of sodium sulphate at the lower temperature.
This observation of Ludwig is misleading for it gives
the Impression that thermal diffusion in Liquids is a
large effect, which is not the case. The effect is
small, the period of time required to reach equilibrium
is large and accidental convective mixing may entirely
obliterate any separation.
This experiment was apparently the only one car-
2
ried out by Ludwig but Soret, without knowledge of
this work, deliberately set out to investigate the ef¬
fect of a temperature gradient on solutions. In his
first experiments with sodium chloride and potassium
nitrate he used both U-tubes (not inverted) and
straight vertical tubes, heated to 80°C. at the top and
water-cooled at the foot. Straight t'nbes were found
to give larger and more reproducible differences in
concentration than U-tubes, and in all his subsequent
work he used straight tubes. Such an arrangement
tends to minimise convection for the solution in the
cooler region always becomes more dense in the course
of the experiment. In his earlier experiments Soret
allowed the tubes to be exposed to the gradient for 23
days; in the later experiments for 56 days. Comparison
of the results showed that equilibrium was not estab¬
lished in 23 days. There is no way of knowing whether
it /
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it was established in 56 days either, for no determina¬
tions of any other duration are recorded. Soret
examined the chlorides of Li, Na, and K and found that
the effect increased from Li to K. He also examined
copper sulphate solutions and got a very large effect.
The effect has been described as erratic and compared,
in that connection, with solubility. There still is
no method of knowing in advance whether a given salt
3
will have a large or a small Soret effect. Berchem
4
and later Arrhenius repeated and extended the deter¬
minations of Soret in their original form, but all sub¬
sequent workers have devoted their attention to the
alteration of the experimental conditions so that equi¬
librium may be reached in a much shorter time.
5 6
Examples are given by the work of V/ereide, Eilert and
7
Chipman. The last in particular used smaller vessels
and a smaller temperature gradient (10cC). Further,
by the use of a conductivity method, he was able to
follow the process as it proceeded, without disturbing
the solutions. He also attempted to diffuse solutions
8
of non-electrolytes but obtained no result. Tanner
reduced the si2;e of the cell still further but used a
slightly larger gradient (E4°C). He also used a
method of analysis which did not disturb the solution
(based on refractive index) and studied more concentra¬
ted solutions. Amongst many other solutes he tried
sucrose and glycerol and got small but quite definite
results.
5
results. The separations obtained with non-electro¬
lytes are about one tenth of those for electrolytes.
Chipman, Tanner and many other investigators have
collected a mass of experimental data on the Soret ef¬
fects of many salts, acids and bases, but there has
been little success in correlating the results. In
many cases there appears to be an optimum concentration
at which a maximum separation is obtained. For hydro¬
chloric acid, for example, it occurs at about Normal.
Van tTHoff attempted to give a theory of the process
on the assumption that the change in concentration is
such as to make the osmotic pressure in all parts of
the system the same but this was shown to be erroneous
iO
by Arrhenlus and Abegg. A recent review of all the
11
suggested theories by Hartley demonstrates that no
simple thermodynamical method can hope to explain the
effect and a more satisfactory approach seems to be
12
that of Eastman which is rather complex. It must in
fact be admitted that the Soret effect is not yet com¬
pletely understood.
(b) Thermal Diffusion in Oases without convection
{often called "Simple" thermal diffusion)
The historical development of thermal diffusion in
Gases took quite a different course from that in
13
Liquids. Enskog in 1911 first showed on theoretical
grounds /
6
grounds that the effect should exist and this con-
if
elusion was also reached by Chapman independently soon
afterwards. The first experiments were carried out by
IS
Dootson under the direction of Chapman with the de¬
finite object of demonstrating the effect experimental¬
ly. In the first experiment two 100 c.c. glass bulbs
were arranged vertically and connected by a 5 num. in¬
ternal diameter glass tube and stopcock. The upper
bulb was maintained at 230°C in a sand bath and the
lower one was cooled by water at 10°C. The mixture
used was e~ual parts of carbon dioxide and hydrogen by
volume, since the theory predicted a large separation
for these gases and in these proportions. After four
hours the stopcock was closed and the contents of each
bulb analysed, when a small but definite separation was
found, which was about one half of that predicted by
the theory. This order of agreement between the
theoretical and experimental results is usual in this
work.
The theory assumes that the molecules behave like
rigid elastic spheres and the deviation from the
theoretical value is a rough measure of the "softness"
of molecular collisions; for molecules whose law of
interaction is that of the inverse fifth power of the
distance (Maxwellian molecules - "very soft") the ef¬
fect should vanish. Speaking generally the theory
predicts that the effect should exist whenever the
masses /
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masses or the diameters of the molecules of the gases
used are different and it should he greater if the
differences are greater. Also it should he a maximum
for a mixture of 50% by volume of the gases. In the
course of the development of the theory Chapman pointed
out that the method should he useful for the separation
of gases of the sane molecular weight hut of different
diameters such as carbon dioxide and nitrotis oxide and
also for the separation of isotopes which have the same
diameter and differ only in mass. However it is only
recently that these expectations have been realised,
and not entirely as Chapman anticipated.
The experiments of Dootson were intended solely as
qualitative confirmation of the theory and are mainly
of historical interest, hut since then technique has
continuously improved and the measurements can now he
made with considerable precision - in most cases with-
17
out disturbing the system. Ibbs and his collabora¬
tors have employed for this purpose the "katharoraeter,"
18
devised hy Shakespear, which uses the thermal conduc¬
tivity of the gas mixture as a measure of its composi¬
tion and have produced very complete data for binary
mixtures of the inert gases. For this work they used
temperatures as low as -190°C for the cold side. Bluh,
'9
Bluh and Puschner have used the refractive index of the
gas measured interferometrically with considerable suc¬
cess, especially for the study of mixtures containing
carbon /
8
carbon dioxide which appear to behave rather anomalous-
20
ly Harrison used the gamma-ray activity of radon to
study the behaviour of its binary mixtures with helium
and hydrogen; exceedingly small amounts of radon were
present in each case. It is interesting to note that
despite the greater mass difference, greater separations
were obtained with helium. This is quite usual when
mixtures containing hydrogen and helium are compared in
this way and is taken to indicate the extreme "hardness"
21
of the helium molecule. More recently A. 0. Nier has
used a mass spectrograph to examine thermal diffusion
effects in a single gas containing two isotopes such as
methane '*CH St3 . For this purpose he has varied
the technique slightly making use of the observation of
'7
Ibbs, Grew & Hirst that the separation is independent
of the pressure. The two-bulb system is filled with
the gas and exposed to the gradient. Then the hot
bulb is isolated and evacuated and the contents of the
cold bulb allowed to expand into it, when the new mix¬
ture is exposed to the gradient and the whole cycle re-
4
peated. This is done twelve times and then the iso¬
tope abundances determined, when a definite separation
is observed. This technique has since been success-
22 23
fully applied to neon, argon and ammonia. Before leav-
24-
ing the practical side it should be mentioned that Ibbs
has used two continuous flow methods successfully to
demonstrate the effect. See a)so ref. lb.
Whereas /
9
Whereas the theory has a sound mathematical "basis
25
(Chapman & Cowling) the physical principles involved
cannot he easily appreciated by examination of the
theory. A simplified theory which endeavours to
26
remedy this defect has "been given by Gillespie . The
equations he obtains are quite similar to those of
Chapman and fit the results equally well in many eases.
27
Furth has succeeded in deriving Chapman* s equations in
a simple manner using the method of mean free paths.
28
Frankel has given an explanation for the existence of
the effect by an argument based on dimensions.
A
In concluding this section it should be noted that
like the Soret Effect, this effect is small.
(c) Thermal Diffusion in Gases with convection
29
In 1938 Clusius & Diekel announced that they had
discovered a new technique for carrying out Thermal
Diffusion experiments. In this apparatus of new de¬
sign, convection, which can obliterate separation, is
used to multiply the effect. In "simple" thermal dif¬
fusion experiments it is usual, as indicated above, to
arrange that the hot side is placed above the cold to
eliminate convection, an arrangement which can be repre¬




If now this arrangement be rotated through 90 in
the plane of the paper the new arrangement will be as
shown in Fig 1 (b). Conditions are then quite dif¬
ferent; for the gas at the hot side by virtue of its
high temperature will be of lower density than the gas
at the cold side and accordingly a convection current
will be set up as shown by the arrows. This current
would be set up even In a pure gas and is quite inde-
pendent of thermal diffusion. But in the case of a
gas mixture, despite its mass movement, the temperature
gradient will still exert an effect and as a result
there will tend to be, in the general case, at any in¬
stant, at a given level, slightly more of the heavier
molecules at the cold side and slightly more of the
.
lighter molecules at the hot side. Consequently the
ascending current of gas* will be richer in the lighter
molecules and the descending current richer in the
hea.vier ones, and in due course the heavier molecules
will preponderate at the foot and the lighter ones at
the /
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the top. For although the convection current will
tend to carry light molecules down the cell again these
light molecules will diffuse "back to the hot side, be¬
fore they get very far down, and thus rise to the top
again, so that for practical purposes a state is soon
reached in which the light molecules circulate around
the upper portion of the cell while the heavy molecules
circulate around the lower portion. This method of
multiplying the separation due to thermal diffusion
works very well, and is limited not by the magnitude of
the thermal diffusion effect, but by the tendency of
the convection current and ordinary ("concentration")
diffusion to remix the gases.
30
In their first experiment Clusius & Dickel used
a mixture of carbon dioxide and hydrogen to get a large
effect just as Chapman and Dootson had done under simi¬
lar circumstances. The mixture at atmospheric pres¬
sure was placed in a 1 cm. (internal) diameter glass
tube of length 93 cm., which was externally cooled by a
water jacket. Down the axis of the tube there was a
nichrome wire of 0.3 mm. diameter, which could be elec¬
trically heated, fixed firmly at the top and weighted
and dipping into mercury at the foot so as to make
electrical contact and yet allow the wire to expand
when heated. This is equivalent to a series of cells
of the type shovn in Fig 1 (b) arranged radially about
the /
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the hot wire. The wire was heated to 500°C and the
tube allowed to operate for one hour, and during the
next hour 20 mis. of gas were withdrawn slowly from
the foot. It was found that within experimental
error this gas was pure carbon dioxide. In thi3 ex¬
periment, by careful adjustment of the heating current,
it may be shown that a separation has occurred even
without analysis; for then the wire initially uniform¬
ly red becomes bright red at the foot and, under
favourable conditions, quite black at the top. This is
because the hydrogen at the top, due to its higher
thermal conductivity, cools the wire very efficiently
while the carbon dioxide at the foot tends to retain
the heat. The separation is really strikingly rapid;
for example, if a mixture of bromine vapour and helium
is used the difference in colour between top and foot
is detectable after one minute and after ten minutes
is virtually complete, the bromine condensing to liquid
at the foot. The effect is, of course, much less for
gases whose masses differ by less, and, as Clusius &
Dickel were interested in the method as a possible
means of separating isotopes, they now carried out a
systematic investigation into the effect of varying the
tube length and radius, the wire temperature, the total
gas pressure, and so on, with the principal discovery
that the longer the tube, the more complete was the se-
paration. Technical difficulties prevented the con¬
struction /
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construction of tubes of length greater than 9 metres,
so they devised a means of connecting the foot of one
tube with the top of the next "by convection. Two
channels connected the tubes, one being electrically
heated and the other water cooled, and in this way the
gas circulated between the two. After having tried
many arrangements of tubes of different lengths they
finally succeeded in getting 99,6$ H *C1 from normal
hydrogen chloride gas by using one 3 m. and two 6 m*
tubes in series and 99,4./' H37C1 by using one 9 m,,
two 6 m», and one 8 m. tube, also in series. Parallel
arrangements were also tried with leas success. It is
to be noted that chlorine is a suitable gas for atpara-
tion by a thermal diffusion method for the normal com¬
position is approximately 75#7$ of 3*C1 and £4,3/' of
37C1 so that neither is present at too low a concentra¬
tion which would have made the thermal diffusion se¬
paration small.
The striking success of this, comparatively speak¬
ing, simple method attracted a great deal of interest
51
and almost immediately Brexver & Bramley described a
modification of the method which consisted in substitu¬
ting an internally heated central tube for the wire.
This moans that the distance between the walls of the
gas-space can be reduced - which results in a greater
separation - while by use of large diameter tubes the
3Z
volume of gas used may even be increased, Gnsager
has /
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has shown, however, that theoretically the hot-wire
method is more effective. A concentric tube system is
on the other hand more robust and has been widely used.
One problem which has attracted much attention is
the production in a state of purity of the carbon iso¬
tope /3C. All ^ases are not equally suitable for use
as "carriers" in thermal diffusion experiments
(Harrison Brown35} and the gas chosen for carbon has
usually been methane. W, Watson34, A. 0, Nier35, and
36
Taylor A Glocker have worked on this separation but
the results have not been very encouraging, the best
results producing 13 CII+ at only four times its normal
concentration of 1.1/', although the experiments have
not been carried out on a scale comparable to that used
by Cluelus & Dickel. On the theoretical side the
theory of the column has been formulated by Furry,
Jones & Oneager 7. Leaf & Wall38, and Wall & Hoiley3?
have verified this theory to a certain extent by using
it to calculate from their experimental results, in the
diffusion of gases of similar molecular weight, the
value of D (the thermal diffusion constant). I'his
value is then compared with D calculated for rigid
+o
elastic spheres. Westhaver & Brewer have gone into
the question of power consumption as also did Clusiua &
Dickel andAthere is no doubt that it is a most un¬




Brewer & Bramley are of the opinion that the convec¬
tion current does not run the whole length of the
column but acts in a series of swirls, and have pro¬
duced some evidence to support this based on the obser¬
vation that the separation is increased by the inclu¬
sion of a limited number of baffles in the column.
Another peculiarity of the column compared with the
simple arrangement is that the separation is not inde-
«
pendent of the pressure. For instance, in the methane
experiments, there is a maximum separation obtained at
0.6 atmos. 33 Recent work on gases of similar
molecular weight in which the separation depends
• rather more on the diameters and on the laws of inter¬
action of the molecular species than on their weights
42
have tiven some interesting results. Grew found in
mixtures of neon and ammonia that for 0$ - 75$ of neon
the neon went to the top and for 75$ - 100$ of neon the
ammonia went to the top. This is due to the change in
sign of the thermal diffusion constant, a possibility
which was indicated beforehand by Chapman and consti¬
tutes a good verification of his theory. Watson &
Woernley43 found that the thermal diffusion constant of
ammonia containing 15$ of /rNH3 varied rapidly with
temperature and changed sign at about room temperature.
This effect was not anticipated but is attributed to
the strong dipole-dipole interaction possible between
»hh3 /
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/4NH5 and /5NH3 molecules which is not taken into ac¬
count in the simpler theory. The.rr.al diffusion re¬
sults hare in fact been widely used to study the laws
of interaction of molecules, and, as similar informa¬
tion may he extracted from viscosity determinations, it
has heen usual to compare the results obtained "by these
two methods, In some cases agreement has not heen
very good and it has been suggested by Harrison Brown**
that a possible source of this discrepancy lies in the
fact that the mean temperature of the column may not be
a representative temperature and suggests for this pur¬
pose a more complicated function of the temperatures of
the hot end cold sides.
The separations obtained by this method, although
much larger than those obtained by the simple method,
arc still apparently not complete enough to be of any
industrial use. An attempt to push the separation
45
still further has been made by Farbe .r & libby. whereas
in a column, the convection is gravity controlled and
so from that point of view is invariable, by placing
the gas in a hollow disc which is rotated at high
speeds much greater gravitational forces become pos¬
sible. Tr. the arrangement used one face of the disc
was heated while the other was cooled, and, in accor¬
dance with expectation, it was found that the separa¬
tion was increased, a maximum be]ng observed at 10 x g;
at higher speeds the separation fell off again. This
arrangement /
17
arrangement from the point of view of the power used is
even less efficient than the column although if a heat
source were available at low coot it might well become
a practical proposition. See afso ref. 7 7.
In concluding this section it i3 to be noted that
despite the larger effects obtained by thermal dif¬
fusion with convection it is commonly exceedingly dif¬
ficult to obtain complete isotonic separations; out
that in cases where there re two isotopes, both pre¬
sent at fairly large corcentra-*; lone, separation is
facilitated. Separations other than isotcpie, however,
can usually be obtained more economically by other
methods and even in the case of isotopes it is not
always the best method available.
(d) Thermal Diffusion in Liquids vdth convection.
The Clusius and Diokel method of multiplying the
effect of thermal diffusion wns found to be applicable
to liquid systems very shortly after it had been found
to work for gases. The way in which the increased se¬
paration arises is considered to be similar to the
mechanism for gases, as described above. It turns out,
however, that separations of reasonable magnitude are
obtained only if there is a steep temperature gradient,
and in practice this means that the distance between
the hot and cold walls must be small.
The first experiments of this kind were carried
out /
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out by Clusius & Diekel who placed the liquids in a
long thin steel box whose internal dimensions were
1.5 m« x 20 mm, x 1 mm. One of the large outer faces
could be heated and the other could be cooled* With
such an arrangement it is not necessary, as is the case
with a column with its heating element along its axis,
to keep the tube vertical, and Clusius & Dickel inves¬
tigated the effect of tilting it out of the vertical.
They then discovered that the best results are usually
not obtained in the vertical position but that each
mixture has a characteristic angle at which maximum
separation is effected. With this apparatus they
caused in four hours a 3.6 fold increase in the concen-
tration of 0.1 N N&C1 at the foot of the tube, and ob¬
tained a. smaller but quite definite effect in a 63$
TtjO/D^O mixture. They also investigated an acetone/
water mixture which gave a large effect, the acetone,
however, going to the top of the column, which they in¬
terpreted as being further evidence for the association
of water in the liquid state.
The next investigation of the phenomenon was that
of Koraching & Wirtz 47. They carried out three dis¬
tinct series of investigations. In their first ex¬
periments they employed a column quite similar to that
used for gases, a hot wire being used or a copper pipe
internally heated by oil. With this apparatus they
caused definite separations of n-hexane/carbon tetra¬
chloride /
tetrachloride and benscne/chlorobensene mixtures. By
varying the space between the hot and cold walls they
were able to show that the closer the walls the greater
the separation, as is to be expected. In the second
series they need as hot and cold walls two long brass
tubes of rectangular cross-section through which water
could be circulated. These vere separated by a thin
rubber gasket which kept the tubes apart at their edges
atid left a space down the aid lie for the liquid. This
apparatus was used to show that the process oroceods
rapidly at first and then more slowly, salt solutions
were studied and it was demonstrated that sulphates, in
general, sediment more rapidly than chlorides. It was
also shown that in the diffusion of sine sulphate solu-
'
tlon more 64 ?.n ions are found at t be top of the so ho
and proportionately more 66Zn and 69Zn ions at the foot.
A few substances of high molecular weight were also
studied and Ahown to diffuse quite normally# Thin work
hoo been expended by !. . Cc.er , who used a oisillny
apparatus. He demonstrated that for 2inc sulphate
solution (0.6M) the optimum separation is obtained with
a tube slope of about 50° and that the separation/con¬
centration curve shows a maximum at 0.6 K.
In their latest experiments Koreehiru? & TirtK have
used a new type of column made from two concentric
metal cylinders fitting closely the one Inside the
other in such a way that a gap of about 0.25 mm. is
left /
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left between them. Using a series of such columns
they have successfully demonstrated the ability of
thermal diffusion to separate some mixtures wnich are
otherwise difficult to separate. For example, from
the constant boiling point mixture of 95.6?b alcohol in
water there was obtained 99.8fo alcohol in one experi¬
ment, and in another a small amount of thlophene was
almost completely removed from benzene. They also at¬
tempted to separate two substances dissolved in the
same solution using cholestatrienon and cholestenon
dibromide in benzene, using the fact that they sediment
at different rates, an experiment which was partially
successful.
Now, whereas a metal column is more efficient
than a glass one from the thermal conductivity point of
view, a glass column also has its uses for it enables
one to observe many interesting changes which take
place in solutions. A glass column, for instance, was
successfully used by Taylor & Ritchieto demonstrate
the thermal diffusion of a mixture of hydrochloric acid
and cobalt chloride in water. a solution of cobalt:
chloride in water or dilute hydrochloric acid is pink
(Co++) but in concentrated hydrochloric acid it is
deep blue due to the formation of complex cobalt ions,
A solution of intermediate tint was introduced into the
tube and using a gradient of 8b°C. a definite separa-
was detected after two hours, the solution at the top
becoming /
21
■becoming pink while that at the foot "became "blue.
Similar experiments were carried out with cupric
"bromide and hydrobromic acid which is "brown in pre¬
sence of much hydrobromic acid and blue in smaller
hydrobromic acid concentrations. They also concen¬
trated copper sulphate to the point at which it crys¬
tallised out at the foot of the column. Gillespie and
Breek 50 using a similar apparatus were able to observe
the partial hydrolysis of ferrous and ferric chlorides,
although this was not sufficient to invalidate their
results. They investigated aqueous solutions contain¬
ing a salt and an acid and found that such solutions
showed a wide divergence of behaviour. For example,
ferrous chloride in water concentrated at the foot, if
present alone} but in presence ox 1 N H2SO+ it did not
concentrate at all while in presence of 1 N HC1 it con¬
centrated at the top. In the case of zinc chloride,
on the other hand, the enrichment which takes place at
the foot in presence of a trace of acid (to prevent
hydrolysis) is considerably greater in the presence of
1 N HOI. Finally, in the case of acetic acid and
sodium acetate, the results tend to show that the two
solutes diffuse independently.
s/
A completely new field wis opened up when Ball&y
in 1926 demonstrated the existence of the Soret effect
In molten metal alloys. The effect was small but
quite definite and more or less as a consequence of
thi s /
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this work the Soret Effect has been invoked as the
cause of the segregation which is observed in steel in¬
gots. The supporters5*of the theory regard the gra¬
dient as being established between the cool outside of
the ingot and its molten interior. However, the con¬
centration of the segregating substances (Si, P, etc.)
is usually exceedingly small, a fact which tends to
diminish the magnitude of the effect. A committee of
the Iron & Steel Institute was set up to study the
problem under C. H» Desch who, after a critical sur¬
vey of all available data, came to the conclusion that
the Soret Effect was not concerned in the segregation".
However, no data existed for the convective thermal
diffusion of alloys, so some experiments were carried
out for the committee by M. Ritchie using 1#5$ Zn in
mercury (which is a comparable system liquid at a con¬
venient temperature). The results were uniformly
negative, but it is possible that the high thermal con¬
ductivity of the amalgam rendered the gradient ineffec¬
tive although, of course, the same thing may be said of
the ingots. Similar phenomena occur in meteorites and
in rock magmas'** for which also,if they are not to be
explained by the Soret effect, another explanation will
have to be found.
It is to be noted that in all these experiments
attention has been mainly directed towards the separa¬
tion observed at equilibrium. From this point of view
it /
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it is evident that the behaviour of aqueous solutions
containing one solute is rather erratic while that of
those containing two solutes is as yet unpredictable.
An attempt at the theory of the process has been
SS fy
made by Debye, Hiby and Y/irtz, and Waldmann . These
are all essentially mathematical and will not be dis¬
cussed in this historical section.
24
2. CHOICE OF SOLUTE, SOLVENT, ETC.
Reviewing the work on gases described above, it is
seen that the results may profitably be considered in
two related sections. First, the method has made the
practical separation of some binary gaseous mixtures so
efficient that isotopic and other separations may be
accomplished with an ease and rapidity certainly not
visualised a few decades ago. Secondly, the equili¬
brium separations attainable in certain systems con¬
sidered theoretically yield a variety of information
regarding the interactions and field forces of the col¬
liding gas molecules. As has already been mentioned,
the theory of the process in gases is well advanced but
the comparison of gas systems with liquid systems has
not in the past been attended by much success as is
shown, for example, by the old controversy regarding
the analogy between gas pressure and osmotic pressure.
The underlying reason for this emerges from some re¬
cent work which has shown that a substance in the form
of a liquid ^ust above its melting point resembles in
many respects the solid, although at higher tempera¬
tures there is increasing approach to the gaseous con¬
dition; thus only at higher temperatures near the
boiling point does the heat motion approach the free
translation / ,
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translation and free rotation of gaseous molecules, as
is made evident, for example, by the fact that the
specific heat of liquids at high temperatures ap¬
proaches that of the corresponding gases (See, for
ss
example, Frenkrel ). As far as a solute is concerned
$9
J. Kendall has shown that all the evidence points to
the dissolved substance as being in the liquid condi¬
tion. Nevertheless, in spite of these differences be¬
tween liquid and gas some general principles common to
both may be expected to apply. Thus in liquids, as in
gases, the rate of concentration of a constituent must
a priori be considered to depend on the sizes, masses
and field forces of the interacting molecules; where
two dissolved substances are present the rates of con¬
centration will depend on the nature of the solute and
solvent molecules and it is therefore to be expected
that certain conditions might arise whereby the separa¬
tion of certain constituents might be facilitated.
Such separation would then be if no little importance
in various practical operations, more particularly
those in which fractional crystallisation is difficult
as in the case of various sugars and sugar mixtures.
Such a system containing three molecular species arises
more com only in liquids than in gases, but in the few
cases which have been investigated such as the isotopes
of Krypton6" the molecules have all been found to con¬
centrate /
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concentrate at different rates. Returning to liquids,
diffusion, and with it thermal diffusion, is one of the
"dynamic" properties of a liquid. Bauer, Magat and
Sui'din6/ have shown that certain liquid properties such
as molecular volume, compressibility and surface ten¬
sion may be expressed with fairly good approximation by
one single law for all liquids. These, however, are
"static" properties: the "dynamic" properties which
include ( as well as diffusion) viscosity and heat con-
ductlon cannot be expressed by any such general re¬
lationship, There are exceptions to the "static" pro¬
perty rules usually where definite and pronounced in-
termolecular reactions exist, and these divergences
must persist in the less regular "dynamic" properties
also, which accordingly may be expected to be, in such
cases, of an even more complicated nature. Osmosis is
a phenomenon which is really very closely allied to
diffusion; in fact, as was pointed out by J. J. van
/.
Laar , it is a direct consequence of it and cannot
exist in an isolated solution. Some connection may-
then be logically expected between Thermal Diffusion
and Osmosis although certainly not of the simple nature
indicated by van t1Hoff.
This work was commenced in the first instance with
a view to the possible application of the method to the
separation of mixtures of sugars. Such mixtures are
difficult to separate; for example, fractional crys¬
tallisation /
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crystallisation usually fails, due to the formation of
syrups, and, on the other hand, few free sugars distil
without decomposition even under high vacuum. Whereas
this determined the choice of solute and solvent in the
first instance further consideration seemed to indicate
that such a system was in fact a most suitable one on
which to commence the study of the phenomenon. In the
first place it seemed wise, in the early stages at
least, to confine the study to non-electrolytes: this,
it was hoped, would simplify not only the experimental
results obtained, but also their theoretical interpre¬
tation. Secondly, the involatillty of the sugars
seemed to offer some advantages, there being no pos¬
sibility of the solute distilling off, condensing and
running back into the solution. Thirdly, the sugars
are remarkably soluble and a very wide range of concen¬
trations may be studied and they constitute a series of
compounds of much the same type with a wide range of
molecular weights. The upper members of the series,
wrhich have large molecular weights in comparison with
water, may be expected to give large effects. In par¬
ticular, the well known fact that the sugars in dilute
solutions give normal values for the osmotic pressure
seemed to be propitious; for, as has been mentioned
before, diffusion is intimately coneenned with osmosis
and accordingly in such solutions it might be expected
to proceed in a comparatively simple manner.
Further, /
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Further, on the theoretical side, it seemed
reasonable to suppose that such constants as viscosity
and diffusion coefficients might be required for the
solutions studied and over a wide range of coneentra-
4
tion and temperature. These results as it happens are
available for the sugars; as a matter of fact the data
for other substances is much less complete. In addi¬
tion, sugar solutions may be readily analysed by means
of the polarimeter or refractometer or by a variety of
other chemical methods.
Just why dilute solutions of sugars in water con¬
stitute an apparently ideal system is not at once clear.
Water has in the past been regarded as perhaps the most
complex of the common solvents in that its properties
and those of its solutions appeared to diverge most
from the regularities of the ideal solvents. Such ir¬
regularities were then loosely related to "solvation*
and "association". In recent years, however, study of
such divergence from the ideal has so progressed that
the main features of solvation and association are be¬
coming clear. In 1937 Ber-nal63 outlined a geometrical
theory of the liquid state, dealing with the average
distribution of molecules round a given molecule as
governed by a co-ordination number giving the number of
surrounding immediate neighbours and an irregularity
function fundamentally characteristic of the liquid




quasi-crystalline. If definite directed forces exist
such as homopolar "bonds, polarised ionic bonds, or the
weaker hydrogen or hydroxyl bonds, then the co-ordina¬
tion number will tend to be reduced and this will show
in thermal and allied properties, e.g., viscosity and
diffusion. In the particular case of water Bernal
u
& Fowler (1933) have shown that certain results may be
best explained by a fourfold co-ordination at low tem¬
peratures due to the formation of hydroxyl bonds.
Briefly, then, water is characterised by a large number
of bonds through hydrogen. This must also be true of
the sugars in the dissolved ("liquid") condition, and
since it has become clear that in order to mix ideally
substances must be similar in character, the actual
type of character being of secondary importance only,
the reason for ideal behaviour at low concentrations is
readily understood. It was hoped thus to eliminate
any complications due to association or disaggregation.
Finally, in view of the convenience of using high
pressure steam and tap water to establish the gradient
it was decided to proceed with aqueous sugar soliitions.
A start was then made with the measurement of the
initial rate of separation, extrapolated to zero time
if possible, when the concentration is definitely
known. In the equilibrium state there is a concentra¬
tion gradient along the length of the tube, and, as a
result, the viscosity, density, etc., vary with posi¬
tion. /
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position. Clearly it would be very difficult to










(a) The Thermal Diffusion Column
The thermal diffusion column
used (see Fig. a) ws made of
glass because it was desired
to carry out all the experi¬
mental work which might he
necessary with the same ap¬
paratus and to have made it
o? metal would necessarily
have confined the study to
solutions non-corrosive to-
wards metal. The great ad¬
vantage of metal over glass
is that it has a much higher
thermal conductivity and for
a given wall thicicnesB a
higher proportion of the im¬
posed gradient actually
operates on the solution.
This oan be partly offset by
the use of very thin-walled




this made construction more difficult and the column
more fragile.
CONSTRUCTION. A length (5 ft.) of glass tubing of
about 1 cm# external diameter was taken and a small
bulb blown in it about 6" from one end# Another length
of slightly greater diameter tubing, such that the
radial gap was about 0.5 mm., was now slid over this
tube until its open end came in contact with the bulb,
when the two were sealed together there. A side tube
was attached to the outer tube as close to the junction
as possible, to give access to the annular space. Af¬
terwards a small tap was attached to this tube and bent
downwards. At the other end, the inner tube projected
beyond the outer, but, in order to allow for expansion
and contraction, the two were not sealed together in
this case. A piece of rubber tubing of suitable di¬
ameter was used to close the annular space. This
piece of rubber tubing, which was of heavy gauge, was
permanently attached to the tube. It was necessary to
break the air seal to permit of the introduction and
removal of solutions but this was done by inserting a
thin wooden splint between the glass and the rubber.
Before commencing a determination this splint was re¬
moved and the rubber tube then automatically set the
central tube back to the same position, thus ensuring
that the gap conditions were always the same throughout
the various series of experiments. It also served to
prevent /
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prevent evaporation and to prevent water condensing
higher up on the cold central tube and running into,
and thus diluting, the solution. A copper jacket was
now placed round the tube, holding it by rubber stop¬
pers; it was so arranged that as little solution as
possible, at the foot of the column, remained unheated.
FILLING. In order to fill the column a long rub¬
ber tube was attached to the tap. This led through a
glass tube Into a flask containing the solution i^hich
was raised to a level higher than the top of the column.
In this way the solution was siphoned into the column
through the tap at the foot. It was not found pos¬
sible to introduce the solution through the rubber seal
at the top as the annular space was too narrow and air
locks formed.
HEATING, ETC. In all experiments the water which
was circulated through the outer jacket was warmer than
that which passed down the central tube. Sometimes
steam was used and in conformity with this scheme it
was always psssed through the outer jacket. It will be
noted that in both cases the water enters at the top
and leaves from the foot. This was a matter of con¬
venience only, for the apparatus was teounted above a
sink in order that the waste water might be easily re¬
moved. However, to make sure that the outer jacket
was full of water, a long glass tube v;as mounted beside
the column and connected to it to indicate the level of
the /
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the water inside. The column was kept full "by con¬
stricting the water exit by means of a rubber tube and
screw clip.
Thermometers were placed at the entry and exit of
both cold and hot water (or steam). It was noted that
there was quite a large difference in- temperature be¬
tween the top and the foot in both cases. This was
considered most undesirable for it meant that the gra¬
dient was much less at the foot of the column than at
the top. The obvious remedy was to increase the speed
of the water. Thin caused the rubber tubing, used up
to this time, to burst, so it was all removed and re¬
placed by 0.9 cm. (external) diameter glass tubing sec¬
tions connected together by canvas-reinforced rubber
hosepipe which was wired on with l/l6" copper wire.
The water could now be passed very rapidly and even if
steam were passed down the outer tube, cold tap water
rose only about 1°C. in passing down the column. Later
on streams of hot water at various temperatures from
10° to 100°C. were required. To obtain these, a
series of gas-heated copper coils and long gas-heated
copper tubes were used, and, in order to allow the
water to beat up, its speed had once more to be re¬
duced, and the above-mentioned undesirable feature
arose once more. In the later experiments it was
found that matters could be improved in the following
way. The tube was first wound with asbestos string.
(This /
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(This itself helped to reduce heat losses.) On top,
there were v?ound"Nichrorae-on-Asbesto3 String4' electric
heating spirals (1 lew.) Four such spirals were fitted
to the column along its length. By judicious use of
these it was found possible in many cases to so heat up
the outer water stream in its passage down the column
that the temperature difference at the top was the same
as at the foot# In this way the gradient remained
constant along the length of the tube. In these in¬
vestigations of the effect of mean temperature and of
gradient the question arises - Does the mean of the
temperatures of the cold and hot water streams bear any
relationship to the actual mean temperature of the con¬
tents of the column? In an attempt to answer this
question the following experiment was carried out. A
long glass tube was attached to the outlet tap and led
up to the top of the column. The column and this tube
were now both filled with distilled water and brought
to the same temperafcure# A cold water jacket was fit¬
ted to this external tube for the purpose# On compar¬
ing the levels in the tube and the column it was found
that the level in the column was 1#80 cm# higher than
that in the glass tube due to the effect of capillarity.
Various gradients were then applied to the column by
means of cold water and hot water (or steam) and due to
the decrease in density of the water in the column,
this difference in levels increased as the mean tem¬
perature /
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temperature of the column was increased. Applying the
relationship dpfi, - SPz"the density of the
water in the column could then "be calculated, and re¬
ference to International Critical Tables gave the cor¬
responding temperature.
Hesuit
Temperature of external tube (constant) 7°C.






































































Diffusion Dif¬ ference in Levels



































Comparing the mean temperatures obtained by the two
methods, it will be noted that:-
1. At low gradients the mean temperature calculated
from the density is higher than that observed* This
was expected for although the tubes of the column were
both of very thin glass, the outer one was certainly
the thinner.
2. At higher temperatures the calculated mean tempera¬
ture is lower than that observed. For example, in the
second last row of the table, despite the electric
heaters round the column, the temperature fell by £°c.
This was partly due to the fact that the cold water
exerted a relatively greater cooling effect than, say,
in row 2, because in the former ease the gradient is
greater; but it was also partly due to the decrease in
the rate of flew of the hot water. This was because
the water entering at 88°C. could not be made to flow
any faster, for the gas heating system could not then
keep the temperature up. Addition of further heaters
caused no improvement, for this merely resulted in s
lowering of gas pressure in ail the others already in
use.
3. In the last case, where steam is used, it is seen
that the calculated temperature is once more greater
than that observed. This was due in the first place
to the relative thinness of the outer tube already men¬
tioned, in the second to the rate of passage of steam
which /
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which could "be very rapid since it was supplied at high
pressure from the departmental "boilers, and in the
third to the fact that the steam was really a much more
efficient method of heating than water in that it could
literate its latent heat of vaporisation when it con¬
densed on the cooler diffusion column.
DIMENSIONS> The diameter of the inner tube was
determined "by means of a. micrometer screw gauge, being
the mean of 50 determinations along the length of the
tube. In order to find the average annular distance
between the tubes, the weight of water filling that
length of the space which was heated was obtained.
From these figures the average radial gap can be cal¬
culated.
Column I l'emperatxire 12°C.
External diameter of inner tube
Weight of water filling heated length {W)
length of heated 3paee
Now if = external radius of inner tube
->? = internal radius of outer tube4/
V = volume of annular space heated
£ = length of annular space heated
V = 7T(Ve2- tlz)£,
■
v _ (V_ w, f 2-6,86 x 10 +4.903/2e
VtT" ' J V1250 x 3.142 /mm.
i.e. = 5.556 mm.





In this determination the figure W was suspect. The
method used for the determination of W was as follows.
The tube was filled with distilled water until just
level with the top of the outer jacket. The water was
then run out into a weighed beaker until the level had
fallen to the foot of the outer jacket, about five
minutes being allowed for drainage, and weighed# It
seemed probable, however, that even with this time for
drainage some water might be retained by the column by
surface tension at the places where the tubes areclose-
est. An alternative method of determining the volume,
which gets over this difficulty, was then tried. Un¬
fortunately it could not be used for column'!, because
column I was broken before the method was devised.
Column II was thoroughly washed with hot distilled
water and dried by drawing air through it overnight.
A 30 ml. burette was attached by a long rubber tube to
the tap at the foot of the column. Distilled water was
placed in the burette aSnd run out until it had filled
the rubber tube, side tube and the small space of the
main tube as far as the foot of the outer jacket. The
level in the burette was then noted. Water was run
into the column out of the burette until the level
reached the top of the jacket when the burette was read
again. The difference in the burette readings gave
the volume of the angular space heated. This volume
was also determined by the weighing method used for
tube /
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tube I. The result (27*560 g.) was as anticipated
■
>
lower than that obtained by the burette method and was
not used in the calculation*
Column II*
External diameter of inner tube 9*806 mm.
Volume of water filling heated length (?) 28.20 ml.
Length of heated space 1264 mm.
re = = 5,582
Radial gap (^ ~ "0 = 0.679 mm.
.
It will be noted that Column II was very similar
to Column I in dimensions. This was reflected in the
experimental results.
(b) Methods of Analysis.
The object of all the analyses was bo determine
the concentration of the solute at the foot of the
column. ' It had been found by the burette method de¬
scribed above that the volume of the side tube between
the column and the tap was 0,46 ml. or approximately
8 drops. In order to get a sample representative of
the lowest region, two procedures wore used, depending
on the circumstances.
(1) If a series of samples were being taken se¬
parated /
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separated "by short time intervals (e.g. at 0, 2, 4, 6
minutes), samples of eight drops were run out. It was
then found that the sample taken at 2 minutes had the
same composition as the original solution. This indi¬
cated that the solution in the side tube had not
changed in composition in the two minutes during which
it had been in the side tube. The next sample, which
was actually withdrawn at 4 minutes, but had entered
the side tube at £ minutes, had, presumably, not
changed in composition either and was representative
of the concentration within the tube at time 2 minutes.
This argument, which implies that the solution moves
i
bodily, is considered to be Justifiable on account of
the narrowness of the annular space and of the side
tube.
(2) On the other hand, if samples were being
taken at intervals of anything greater than 15 minutes
this procedure was found unsatisfactory. For then the
solution in the main tube slowly diffused into the side
tube, which then contained a solution of varying com¬
position. In such cases all the solution in the side
tube (8 drops) was discarded and a further 8 drops of
solution were used to wash it out, and then an 8 drop
sample was taken. This sample, then, was representa¬
tive of the concentration in the column at the time at
which it was withdrawn.
It is desired to emphasise at this stage that the
quantity /
43
quantity of solution available for analysis was in all
cases small. When analysis was performed "by means of
the Pulfricb refractoraetar the solution could he analy¬
sed just as withdrawn, "but in all other cases it had
first of all to he diluted. For this purpose 0,5 ml,
was measured as accurately as possible with a graduated
pipette and made up to an appropriate volume in a
graduated flasks. However, not all the solutions used
were really suitable for pipette measurement. Some
were quite syrupy; some came out of the column quite
warm due to the type of gradient being used. There
were thus unavoidable errors due to evaporation, reten¬
tion of abnormally large quantities of liquid by the
pipette and so on. In general It is considered that
the greatest relative error in the analysis arises in
the sampling, although every precaution such as keeping
the pipette free from grease, etc., was observed,
ANALYSIS BY KTLFKICH ESFHAC'TOMETER.
Solutions containing only one solute may be an-
was
alysed by means of their refractive index, This raethodA
used for solutions of sucrose, glucose, xylose, raf-
finose and glycerol. The Fulfrieh refraitometer was
most convenient for the purpose, for a sample of eight
drop3, such as was available in these experiments, was
Sufficient for the determination. The refraetometer,
however, required to operate at a steady temperature,
and /
44
and for this purpose a stream of water was passed
through, its water jacket from a thermostat. The ther¬
mostat was a large copper tank, heated "by gas, the flow
of which was controlled by means of an expanding contrd
in which chloroform (containing 1$ alcohol to prevent
oxidation) was the expanding substance. The chloro¬
form was sealed in by mercury which in its turn inter¬
rupted the gas supply. The thermostat was set to 25°C
and the temperature in the refractometer water .jacket
was then 24.?5°C. and this was taken as the standard
temperature for all subsequent work.
Preliminary experiments showed that one minute is
sufficient for the small 8-drop sample to reach tae
temperature of the instrument, and when samples were
being taken at 0, 2, 4, 6, 8, etc* minutes, to avoid
evaporation errors, it was the practice to analyse them
as the run proceeded. The cell of the instrument was
cleaned out after each reading by sucking the solution
out of it by a tube connected bo a water pump, washing
three times with distilled water which was rapidly re¬
moved in the same way and drying with several small
swabs of cotton wool. The light source used was an
electric sodium vapour lamp.
The actual procedure in all cases was to prepare
a series of samples of" known composition and determine
their refractometer reading. In the first series of
solutions examined (sucrose), the refractive indices
corresponding /
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corresponding to these readings were obtained from the
tables provided, but as it was found that the plot of
refraetuve index against concentration was the same
type of curve as the plot of the refractometer reading
against concentration, the refractive indices were not
worked out for any other solutions. From this graph
the concentration corresponding to any observed re¬
fractometer reading may be read off directly. The
concentration units in all cases are gram molecules per
litre. The concentration of the water is also requir¬
ed in the same units and this necessitates the deter¬
mination of the specific gravity of the solutions used.
A 25 g. specific gravity bottle was used for this pur¬
pose. All specific gravity determinations were made
at 15°C. and are relative to water at the same tempera¬
ture.
Each solution, if it was to be examined with
respect to the initial rate of the process, was then
placed in the column, the steam end cold water turned
on, and samples withdrawn at short intervals. The
samples were analysed and the concentrations obtained
• plotted against the time, and from this graph the
initial rate was obtained.
The results of a typical experiment are now given
in order to show the methods of calculation, etc.
Solutions /
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120 1.047 927 51.4 0.666 64°29'
200 1.076 876 48.6 1.110 62°40*
300 1.109 809 44,9 1*665 00°15'
400 1.148 748 41.5 2.220 57°41'
500 1.185 685 38.0 2.775 55°15*
600 1.220 620 34.4 3.330 52°57*
650 1.237 587 32.6 3.605 51°45'
The [Glucose] is then plotted against the refrac-
tometer reading in graph X.
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Remarks:-
Column X: Pure glucose was weighed out, dissolved in
hot distilled water, cooled, and made up to the re¬
quired volume in a standard flask.
Column V: g.mols./litre = 10 x g./lOQ mis.-r 180.2 (Mol.
Wt. of Glucose)
Column II} By 25 ml. specific gravity bottle. Example:
50 g./lOO ml. soln.
Wt. of bottle 13.435g.
" " " + water @ 15°C. 38.453g. /.v/t.of water fill¬
ingbottle 25.018 g.
* " » +50g./l00 ml. aoln.4 3.105g. wt.of sola. fill¬
ing bottle29.670 g.
Hence specific gravity = 29.670 -5-25.018 = 1.185 at 15°C.
Passing on to a typical experiment with the column, the











0 57°41« 2.220 nil
2 57°33* 2.251 0 • 031
4 57°25* 2.280 0,060
6 57017* 2.311 0.091
8 57010* 2.337 0.117
10 57°05* 2.356 0.136




In practice a portion of graph I was considerably en¬
larged in order to read off these values for column III
The figures in column IY are now plotted in graph II,
i
It will he seen that the rate falls off with time
as expected. In this case the rate is however almost
constant over the first 6 minutes, and this was puite
usual. In cases where the curvature extended as far
as to sero time, an attempt was made to draw the tan¬
gent to the curve at the origin. The rate was ex¬
pressed /
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expressed in g.mol./litre per minute.
In the above example -
Rate =■ 0.015 g,mol,glueose/litre/mimite.
Analysis of Solutions of Acetone.
\
In the ease of acetone and water mixtures it was
not possible to use the refractometer because the cell
was fixed to the prism by "Durofix" which is soluble in
acetone. Accordingly a chemical method was used,
6s
based on that given by ?4unro, which involves the quan¬
titative oxidation of the acetone by alkaline hypo-
iodite, acidification, and titration of the unused
iodine by sodium thiosuiphate.
Procedure
(a) A small sample was withdrawn from the tube. This
varied from 10 to £0 drops depending on the solution.
Solutions containing much acetone gave very small drops
and 20 were required to furnish 0.5 ralj in any case,
an attempt was made to keep the volume withdrawn con¬
stant at about 0.6 ml. Of the sample, 0.5 ml. was ap¬
propriately diluted in a standard flask immediately (to
avoid evaporation}, and a definite volume of this solu¬
tion was then used for the estimation, such that the
amount of acetone present was between 10-15 rog.
(b) Into a 250 ml, conical flask was measured accurate¬
ly 25 ml. of N/lO iodine and approximately 10 ml. of
4Q$ sodium hydroxide (approx. 10 N) which were mixed,
and /
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and then at once the sample for analysis was measured
into the mixture. It is important that the hypoiodlte
should not stand in air for any length of time for it
is converted into iodate and iodide which have no ef¬
fect on acetone, although they are reconverted to iodine
quite smoothly on acidification. Iodoform precipita¬
tes out immediately, but the mixture was left for 150
minutes in the cold, as part of the standardised proce¬
dure .
(c) 10 x 1 ml. portions of conc. HC1 (approx. 10 N)
were then added from a burette at minute intervals, the
solution being cooled between additions by running water
fh!s procedure ensures that the heat liberated during
the neutralisation of the alkali by the concentrated
acid is not sufficient to volatilise iodine. When the
solution was almost nautral it turned from yellow to
brown and addition of HC1 was stopped and the solution
thoroughly cooled. (Depending on the actual quantity
of NaOH added, more or less than 10 mis. of conc. HOI
were required). After cooling (for about 5 minutes),
1.5 mis. of conc. EC1 was added further in excess.
(This was done because it was noted that the earlier de¬
terminations were somewhat erratic and this was traced
to the fact that not all the iodine present had been
liberated, the solution on testing with litmus paper
being found to be still alkaline - although brown
coloured). The solution was then titrated immediately
with /
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with N/lO sodium thiosulphate using starch at the end
point. A control determination was also carried out
by omitting the acetone, and by difference the amount
of iodine, used by the acetone was obtained in terms
of mis. of thiosulphate. In order to calibrate these
titration figures, a series of samples of known com¬
position were prepared and put through the same pro¬
cedure. In practice the determinations were run in
pairs - an unknown sample with a known sample of ap¬
proximately the same composition - to eliminate any
possible variation in the conditions. All titration
figures were now converted by proportion to the values
vrhich they would have had if 0,01 ml. of the original
solution (before dilution) had been used. This gave
numbers of a suitable magnitude. These corrected ti¬
tration figures, in the ease of the samples of known
composition, were now plotted against the concentration
(g.mois./litre) of acetone in the mixture - (Graph III)
This graph was then used to convert the titration
figures of both the "known" and the "unknown" samples
into g-mols./litre of acetone
In the case of acetone solutions, the initial rate
was taken as the change produced in 10 minutes, so that
two determinations only were carried out on each solu¬
tion, viz., time zero and 10 minutes.
Resuit s.
It is to be noted that the acetone concentration at
the /
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the foot of the column decreases during each experiment.
Acetone solutions were mode up by taking a known volume
of acetone and making up to the required volume ir. a
graduated flask with water. In order to obtain the
g*mols./litre concentration of water and acetone, it is
necessary to know the density of the acetone in addi¬
tion to the density of all the solutions used. The
figure used was 0,7967 aft? 1ch was determined directly by
specific g-awiby bottle.
Callbratior figures„
[Acetone] [Acetone) [water] mis. of N/lO 1z
mis. in IOC ml. Specific g.noln/ g.mols/ used by 0.01ml.
solution Gravity litre litre of solution
20 0.9610 2.741 4.559 1.591
40 0,9592 5.481 3.548 3,148
50 0.9274 8. £28 2.493 4.760
80 0.8775 10.96 1.332 6,933
90 0,8417 12.54 0.692 7.248
(100) (0.7967)
These results are now graphed.
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[aCETONe] 9-mol«/lltre GRAPH m
Typical Analysis. Solution 40 mis. acetone/100 mis.
solution.
(a) Solution "before diffusion) 0.5 ml. made up to 50 mis.
)
(b) " after " ) with distilled water.
N
4 mis of diluted(a)+reagents used of TC Na2S205...10.37 ml
4 mis " " (b) +
4 mis distilled water +
diluted (a) used of Tft iodine







0.01 mis. of original (a) would have used
0.5 N
IE.59 x t x 3(T~ = 3.148 mis. U5 Iz
4- 0.01 mis. of original (To) would have used
0.5 N
11.53 x x 5TP = 2.88E mis. 10 I2
Referring now to Graph III
Acetone concentration in (a) = 5.45 g.mols./litre
Acetone " " (b) = 5.00 " rt
Initial rate of concentration = 0.45 g.mols/litre/m±i.
Analysis of Solutions containing Glucose and Sucrose.
A method using the polarimeter was employed. The
solution was diluted and its polarimeter reading taken
("Direct" reading). It was then "Inverted" with acid
and cooled and its new reading taken ("Invert" reading)
The change in rotation Direct — Invert is proportional
to the sucrose present. Having thus determined . the
amount of sucrose, its contribution to the rotation of
the original solution could "be calculated. The rota¬
tion due to the glucose could then "be obtained by dif¬
ference /
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difference, and the amount of glucose present calcula¬
ted.
Method. A sample of about 10 drops was withdrawn from
the column and placed in a weighing bottle. 0.5 ml.
of this solution was removed by a blow-out pipette and
placed in a 7 ml. graduated flask (7/hich was specially
made for the purpose - the polarimeter tube used having
a capacity of 7 mis.). After dilution to the mark and
mixing, this solution was placed in the 10 cm. polari¬
meter tube which had a water jacket. By means of a
circulating pump, water from a gas-heated thermostat,
similar to that described above for the Pulfrich Re-
fractometer, was caused to flow throngh the jacket and
by this means the solution was brought to 25°C. (ther¬
mometer in the actual solution) when a reading was
taken ("Direct").
The polariraeter used was a Hilger Instrument, and
could be read to 0.01° by means of a vernier. The
light source was a quartz mercury vapour lamp which ran
at about £ amps on 100 volts D.C. A filtdr was used
which selected the mercury green line 5460°A: the in¬
strument is provided with suitable prisms for use with
green light.
As much of the solution as possible was now poured
out of the polarimeter tube into a clean vessel and of
it 6.5 ml. was taken with a graduated pipette and trans¬
ferred to a clean 7 ml. "inversion tube."
The /
56
The inversion tubes were specimen tubes about 3
inches long and -Jr-inch in diameter, which hold about
8-9 mis. They were calibrated and marked to contain
7 mis. of liquid. The open ends of the tubes were
flanged and a rack was made out of sheet copper to hold
ten of them, so that they were immersed up to the gra¬
duated marks in a water bath at 70°C. This bath was a
white enamelled "can" of cylindrical shape, 8" high and
of 8" diameter, which was heated from below by £ x 500
\vatt electric spirals and was thermostatically control¬
led, by means of an expanding control in which the ex¬
panding substance was mercury. This operated a Sun-
Vic hot wire vacuum switch which controlled the elec¬
tric heaters. No stirring was necessary as convection
is considerable at 70°C.
To the 6.5 mis. of solution in the inversion tube
was added 0.5 ml. of concentrated HC1 and the tube
placed in the rack in the bath for 30 minutes. After
this time the tube was withdrawn, cooled and the con¬
tents made up to the 7 ml. mark to correct for evapora¬
tion losses. The polarimeter reading of this solution
was then taken ("invert" reading).
The zero of the polarimeter being -0.36, this
number was added to each polarimeter reading. After
applying the zero correction it was also necessary to
correct the "invert" reading for the additional dilu¬
tion entailed by taking 6.5 ml. of the "direct" solu¬
tion /
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solution and making it up to 7 mis. after inversion.
Both these corrections have "been applied to the figures
shown. Since every solution analysed was sampled with
same 0.5 ml, pipette and measured in the same 7 ml.
flask, all the readings given are strictly comparable






Change by ted Rota¬ by
in which original tion which
Direct Invert rota¬ [sucro se] rotation due [gLucos e
Read- Eead- tion has in¬ of the to has in-
Time ing(D) ing(I) D-I creased sucrose glucosecrease!
0 2.31 0.19 2.12 1.00 1.69 0.62 1.00
2 2.32 0.19 2.13 1.00 1.69 0.63 1.02
5 2.32 0.19 2.13 1.00 1,69 0.63 1.02
10 2.39 0.20 2.19 1.03 1.74 0.65 1.05
20 2.41 0.22 2.19 1.03 1.74 0.67 1.08
30 2.45 0.22 2.23 1.05 1.77 0.68 1.10
115 2.51 0.23 2.28 1.08 1.78 0.68 1.10
Notes.
(1) It is to he noted that these experiments were
carried out only to see if the rate of concentration of
one species was different from that of another. All
that was then required was the factor by which the con¬
centration /
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concentration of each component had increased in a
given time. If the factors were the same, no separa¬
tion had occurred.
(E) It will he seen that the solution used in the
above experiment contained 34.£ g. of sucrose and 18.0©
of glucose in 100 mis. of solution. It was found ne¬
cessary to keep the total solids dissolved in 100 mis.
below 55 g., for otherwise the solution was too viscous
to enable 0.5 ml, to be withdrawn in a reproducible man¬
ner,
(3) The one constant required in the above deter¬
mination is the rotation of 1,00 M sucrose in the ori¬
ginal solution. This was obtained from a separate de¬
termination, the value 1,69° used above being obtained.
Analysis of Solutions containing Sucrose and Glycerol.
The method used was based on that of Fulmer,
Hickey and Underkofler, which involves the determina¬
tion of glucose by the copper titration method of
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Shaffer and Somogyi followed by the oxidation of another
sample with eerie sulphate under standardised condi¬
tions. Both the sugar and the glycerol are oxidised,
but, applying a correction for the eerie sulphate used
ty the sugar, the glycerol may be calculated. In order
to adapt the method to the analysis of sucrose, the
sucrose was first of all inverted. Since Shaffer and
Somogyi /
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Somogyi have also used the copper titration method for
the estimation of fructose, there seemed to be no
reason why this modification should not work; and such
was found to be the case.
Preparation of Mixtures. The glycerol used was the
purest obtainable, but as investigation of the litera¬
ture showed that glycerol is only freed from traces of
water with considerable difficulty and furthermore is
extremely hygroscopic, the solutions were prepared as
follows. A solution of approximately twice the con¬
centration required was prepared and its specific
gravity determined. Reference to published tables
then gave the actual concentration. A suitable volume
of this solution was then taken and in it was dissolved
the required amount of sucrose and the solution made up
to 100 mis. in a graduated fla3k.
Dilution of solution prior to analysis.
A sample of abo\it 10 drops was withdrawn from the
column and of it a 0.5 ml. portion was taken and placed
in an inversion tube with 0,5 ml. of 9N H2S04 (HCl can¬
not be used, for it is oxidised by eerie sulphate which
is used later on). A rapid jet of water from a wash
bottle was then used both to stir up and dilute the
mixture to the 7 ml. mark. (This mixing is important,
for if it is not carried out the sugar chars on heating)
o
The diluted solution was then heated at 70 C. in the
bath for 30 minutes as described above. The contents
of /
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of the tube were then washed Into a 100 ml. graduated
flask and made up to the mark. Portions of this solu¬
tion are used for the Ceric oxidation (vide infra).
For the Fehling's determination, 10 mis. of the solu¬
tion were further diluted to 100 mis.
Determination of the Sucrose.
The method is a volumetric adaptation of the
Fehling's method. The reducing sugar is oxidised "by
an alkaline cupric tartrate solution with the produc¬
tion of Cu20. Also present in the solution are de¬
finite amounts of KI and KI03 and upon acidification
these interact to produce iodine which re-oxidises the
Cu20. The unused iodine is then titrated with Na2S203
solution and the difference between this titration and
that of a control determination is proportional to the
reducing sugar present.
*
Preparation of the reagent.
25 g Na2C03 (anhydrous) 200 g Na2S04 (anhyd. A.R.)
25 g Rocbelle Salt 1.53KI
4 g CuS04.5Hz0 6 ml. of N.KIO^
The sodium carbonate and Rochelle salt are dis¬
solved in about 800 ml. of water; then 40 ml. of 10$
copper sulphate solution are introduced below the sur¬
face of the solution with stirring. This is followed
by the addition of the bicarbonate, sulphate and iodide.
The solution is heated to boiling, kept boiling for
about /
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about 30 seconds, cooled, and after addition of the
KI03, diluted to 1 litre. It is then set aside for
2-3 days in order to permit impurities to flocculate,
and filtered. In the present work it was found that,
after setting aside, a large proportion of the sodium
sulphate had come out of solution as Na2S04.10H20 due
to the low temperature at the time when the work was
"being done. The function of the NazS04 is to reduce
the solubility of oxygen in the reagent and thus it is
not vital, so the solution was decanted off the crys¬
tals through a filter and stored in the dark in a Pyrex
bottle.
Method:- To 2 mis. of the twice diluted solution in a
pyrex boiling tube (25 x 200 mm.) was added 5 mis. of
the reagent and the sides of the tube washed down with
3 mis. of distilled water. The contents were then
well mixed by rotation and the tube, covered by a glass
bulb, was placed in a boiling water bath for 35 mins.
in such a position that 100 mm. was immersed. The tube
was then transferred to a cold water bath (at 10°C.)
for not more than 2 minutes, thus bringing the tempera¬
ture to about 30°C. as desired, and 5 mis. of N. H2S04
added and the solution well mixed. It was then al¬
lowed to stand with occasional shaking for 15-20 mins.
or until all the Cu I had dissolved (important), when
it was immediately titrated with 0.05 N. Na2S203(fresh¬
ly diluted from N/l0 which was stabilised by 0.2g/litre
Na2C03) / .
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Na2C03) using 1 ml. of ifo starch solution at the end-
point. A control determination was also performed and
the difference "between the two titrations gave the
amount of iodine used "by the sugar.
Ceric Oxidation.
Reagent: 0.1 N Ceric sulphate in 1.6 N sulphuric acid
After the solution had "been diluted once (vide
supra) a 2 ml. sample was withdrawn and placed in a
(200 x 25 mm.) pyrex "boiling tube. To this was added
5 mis. of reagent and 2 mis. of 1:1 sulphuric acid, and
the sides washed down with 3 mis. of distilled water,
and the contents well mixed. The tube, covered by a
glass bulb, vac then heated halt-immersed in a boiling
water bath for one hour, after which it was cooled to
about 20°C. by immersing in a cold water bath for 5-10
minutes. When cool it was titrated with 0.1 N ferrous
ammonium sulphate, using 1 drop of ortho-phenanthroline
ferrous sulphate complex as indicator which gave an ex¬
cellent end-point. A control determination vias also
carried out and the difference between the two titra¬
tions was' a measure of the ceric sulphate used by the
giycerol and inverted sucrose, e.oj.'.-
Results.
1. Three solutions of known composition were prepared.
No. /
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No. Sucrose Glycerol Sucrose +Glycerol
1 30.67 g/lOO ml. 8.965 gf100 ml. 39.64 g/100 ml.
2 33.73 " 9.862 » 43.59 "
3 36.80 » 9.862 " 46.66 "
2. Determination of sucrose.
After dilution, 2 ml. of sample No. 1 will contain
2 x -Q»5 x 10 x 1000 x 30.67 mg. sucrose
100 100 100 /
= 0.3067 mg.
Similarly 2 ml.of sample No. 2 will contain 0.3373 mg.
" 2 n " n No. 3" M 0.3680 ipg.
Average
2 ml. sample 1 +reagents used of 0.05 N Na2S203
(3,28; 3.21; 3.25) 3.25 ml.
" " 2 + " » (3.03; 3.03; 3.0?) 3.04 »
n " 3 +- » » (2.85; 2.73; 2.63) 2.74 «
Blank determination {average of 15
determinations) 5.80 "
Thus 0.3067 mg. Sucrose used 2.55 ml, of 0,05 N Iodine
0,3373 mg. " " 2,76 ml. n " "
0,3680 mg. " rt 3.06 ml. " « "
These results were incorporated in Graph IV
i
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SUCROSE (maJ GRAPH TV
Solution No• 1 was now diffused for 30 minutes and a
sample taken.
2 ml. of sample after the customary dilutionsused
of 0.05 N thiosulphate
2.82; 2.75; 2.63; 2.65; 2.70; 2,66 Aver. 2.67 mis.
i.e., sample used 3,13 mis. of 0.05 N Iodine
From Graph IV, sample contained 0.374 ing. sucrose
Sample withdrawn from column contained 37.4 g,
sucrose/100 ml. Thus the concentration of the sucrose




3. Determination of Sucrose + (Glycerol
After dilution, 2 ml. of sample No. 1 will contain
J 2 x 0.5 x 1 x 1000 x 39.64 j = 3.964 mg. solids
\ 100 100 1 J
Similarly 2 ml. of sample No. 2 will contain 4.359 " "
" 2 n " No, 3 " " 4.666 " "
+ Average
2 ml. sample 1+reagents used of 0.1 N Fe
(1.77; 1.77)1.77 mis,
n "2+ " n t» " (i,42; 1.44) 1.43 "
" "3+ " " " "(1.29; 1.28) 1.29 "
Blank determination (no variation) 4.78 "
Thus 3.964 mg. used 3.01 mis, of O.lNceric sulphate
4.359 mg* " 3.35 mis. « » «
4.666 mg. " 3.49 mis, n n n
These results were incorporated in Graph V.
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Solution No. 1 ma now diffused for 30 minutes and a
sample taken.
2 ml. of sample after customary dilution used of
0.1 N Ferrous 1.20; 1.22; Average 1.21 mis.
i.e., sample used 3.5? mis. of O.lNeeric sulphate
From Graph V sample contained 4,780 mg. of sucrose
+glycerol
Sample from column contained 4?,8 g. of sucrose +
giycerol/100 ml.
But of this 37.4 g, was sucrose
10,4 g, was glycerol
Thus /
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Thus the concentration of the glycerol had been in¬
creased by the factor 10,4 _ 1,16,
8.965
Note 1. The Fehling's determination appeared to be
particularly sensitive to oxidation by the air. Hence
the attempt to increase the accuracy by a large number
of determinations.
2.The method of calculation is on the same lines as
that given by Fulmer, Eiekey and Underkofler, who ex¬
amined this estimation in some detail. It differs,
however, in that instead of using the known samples to
obtain the values of the constants in a logarithmic
equation given by them, a graphical method is used.
Both methods were found to be equally good
Analysis of Solutions of acetone +glycerol.
Acetone. The acetone was determined by the alkaline
hypoiodite method described above. It was fortunate
that the glycerol did not interfere with this deter¬
mination. (This is shown in graph VI.) The solution
as withdrawn from the column was diluted 0.5 mis. —>
50 mis. and the amount of this solution used for analy¬
sis is indicated in the table.
Glycerol. A3 is shown by the control determinations
recorded below (see Graph VII) it appears that eerie
sulphate /
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sulphate will oxidise acetone quantitatively under
standard conditions just as it will oxidise glycerol.
The oxidation was accordingly carried out exactly as
described for glycerol. The volume of the 0.5 ml.—?
50 mis. diluted solution used is given in the table.
Determination of acetone-f-glycerol by this method and
separate determination of the acetone (vide supra}
gave the concentration of the glycerol. e. <7.
Results.
Vol. of Vol. of Voi.I2
. _ diluted 0.1Nipper 0.01
_ [Acetone][Acetone) sample used ml. of
[Glycerol] ml/ g/mol* used for by original
Sample g/100 ml 100 ml, litre analysis sample soin.
A 24, 25 5.00 0.6869 20 mis. 13,69 0.6845
E 27,28 7.00 0.9616 20 rt 14.72 o • wmo
C 15.16 10.00 1.3744 14 n 11.29 0.8064
The last column gives the volume (obtained by pro¬
portion) of 0.1 I? Iodine which would have been used by
0.01 ml. cf the original. These figures are plotted
against the molecular concentration of acetone in Graph
VI.
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SamplesB and C were now diffused for 10 minutes.
20 mis. of B after diffusion used 14.59 mis. of I2
= 0.7295 mis. per 0.01 ml. of original solution
14 mis. of C after diffusion used 11.07 mis. of I2
\
= 0.7907 mis. x>er 0.01 ml. of original solution.
Referring to graph and correcting for dilution
B after diffusion contained 0.935 g-mol/litre of acetone
c n n n 1.262 « / n « n
i.e., B lost 0.027 g~mol/litre acetone
C n 0.112 " M "
Results /
Results.Acetone+Glycerol. ,f1[Acetone][Glycerol]Total Sample[Aceton !KJlyceroiJg-mol/litreg-mol/litrele.cone(mlj100ml)y/roOml.) Dnil15.16il.648 E5,0015.160.68691.6482 335 5' .0024,250.68692.6563.323 B7.0027.230 9616.9653 7 C10.005 16.3741.6483 022 015.00.162.0C01.6483 70

























Thelastcolumngivi gt proportio alv lumer0.01ml.frigi lsolution.These figuresaplottedgain ttotalm l cularc nc ntra ionGr phVII
71
Unknovui samples.
1 ml. of sample B after diffusion used 4.75 mis. 0.1 N
eerie sulphate = 4,75 mis. per 0,01 ml. of original soln.
1.60 ml, of sample C after diffusion used 6,63 ml. 0.1N
eerie sulphate = 3,604 mis, per Q.01 ml. of originalsoln.
Referring to the graph and correcting for dilution:-
B after diffusion contained 4..05 g-mol/litre (acetone +
glycerol)
C n " » £.95 " "
Thus /
72
Thus B gained by diffusion 0.12 moles (acetone ■+
glycerol), but since 0.027 moles of acetone were lost
this corresponds to a gain of 0.147 mole3 of glycerol,
i.e., Sample E Glycerol:- gained 0.147 g-mol./litre
Acetone lo3t 0.027 g-mol./litre
Similarly C had a net loss of C.07 g-mol./litre but
since 0.112 g-mols. of acetone were lost this corres¬
ponds to a gain of 0.042 g-mol./litre of glycerol,
i.e., Sample C Glycerol;- gained 0.042 g-mol./'litre
Acetone =— lost 0.112 g-mol./litre
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Experiments on the Soret Effect.
The ends of a piece of thin walled soft glass
tubing of l.£ cm. external diameter were drawn out so
that the distance "between the shoulders where narrowing
commenced was 11 cm. One end was then sealed, and the
solution to "be examined introduced through the other "by
means of a vacuum. The tube was then placed in a
water bath, the temperature of which was the mean of
the two temperatures to be employed in the experiment:
and when it had heated up, the open end was sealed with
a blowpipe flame. This tube was now held vertically
by rubber stoppers in vwo short condenser jackets, as















Hot water was then passed through the upper jacket and
cold water through the lower one; and after the solu¬
tion had diffused for the required time, the tube was
removed and, still keeping it vertical, the upper seal
was broken and replaced by a short piece of rubber
tubing and a pinch clip. The lower seal was then
broken and by use of the clip the solution was run out
in three portions, which were analysed. This arrange¬
ment was used principally for solutions of strong acids
and the acid concentration was determined by titration
of small portions with standard sodium hydroxide.
Example. Experiment using 1.12 N HC1. Duration 7 hr.
Hot side - Steam: Cold side - Water at 5°C.
Analysis: ( NaOH = 1.000 N )
0.5 ml. original solution used 5,60 mis. of NaOH
0.5 ml. upper portion aft. diffusion used 5,34 mis.
of NaOH
0.5 ml. centre " n " " 5.60 ml.
of NaOH
0.5 ml. lower n it ti " 5.84 ml.
of NaOH
g.eauivs./litre
[HCljin original soln. (& also centre portion)
[HCljconc. in upper portion after diffusion






Thus:- increase in concentration in lower region
0.048 g.equivs./litre. This figure is compared, in
the discussion, with the result obtained by effecting
the thermal diffusion of this same solution in the
column, i.e., with convection.
The apparatus B which had approximately the same
dimensions was also used. The ends of this tube pro¬
jected out of the stoppers as shown, and by means of
another tube at the top of the inverted V it was
possible to empty each leg of the V without disturb¬
ing the experimental arrangement. This apparatus was
used for acetone solutions and the direction of the
small concentration change was observed by means of a





It will already have "been appreciated that the
main difference between this work and that which has
preceded it in the study of convective thermal dif¬
fusion in liquids lies in the fact that previous work¬
ers have dealt with the equilibrium separation whereas
we are here concerned with the initial rate of the pro¬
cess. Y.hile this is certainly true in the case of the
practical work which has been done, it is none the less
true on the theoretical side. However, some compari¬
son is possible in that it does appear that a set of
experimental conditions which would give rise to a
large equilibrium separation also give rise to a
large initial rate of separation.
P. Debye ss , in his theoretical paper regards the
apparatus as consisting of two vertical parallel plates
having a temperature difference of T °C. between them,
at a distance apart "a" and of height nh" and of a
breadth so great compared with "a" that alterations in
this direction may be neglected. (A circular column
may be expected to behave similarly - to a first ap¬
proximation at least.) He then proceeds to find what








where *] is the viscosity, J) the coefficient of dif¬
fusion, the coefficient of cubical expansion,
the density (each of the solution used) and g is the
acceleration of gravity. Thus in C.O. S. units, tak-
-s
ing as mean values ?? = 0.01, J> = 10 , 0.001,
^= 1000, f = 1 and T= 90°C.
a. =■ 0.1 mm.
No results are recorded in the literature for a reduc¬
tion in the separation at very small values of "a";
in fact, the value of a s== 0.1 mm. is smaller than
that feasible in an# simple experimental arrangement,
and in general the smaller the experimental distance
apart of the plates the greater is the separation.
This is not, however, always desirable since there is a
corresponding decrease in the amount of material in
the column, and the withdrawal of a small portion for
analysis causes a proportionately greater disturbing
effect, and in practice a balance has to be struck be¬
tween the two. The value for the column used (= 0.7
mm.) was found quite suitable.
The Length of the Column. The closest approach which
Debye makes to the consideration of the initial rate of
the /
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the process is in the evaluation of the separation ob¬
tained in a time "much shorter than that required to
reach equilibrium." In this connection he considers
two cases -
(i) where the heated (or "working") volume "A" is
very much greater than the volume of the "reservoir"
"V" where the "reservoir" comprises all liquid not sub¬
ject to the gradient, i.e., ^ 1
(ii) where there is a large reservoir, i.e.,
T » 1
The column used in the present series of experi¬
ments falls into the first category and for this case
the expression obtained is
- / - /•+ ft
where ng is the concentration at the top of the column,
nu the concentration at the foot, DT the coefficient
of thermal diffusion, t the time and the other terms
have the same significance as previously. This ex¬
pression is notable in that the height of the column
does not enter into it, i.e., the separation is inde¬
pendent of the height of the column. However, this
expression, strictly speaking, holds only for the
value of "a" which will give a maximum separation, as
described above, and accordingly it appeared desirable
to see whether it would hold for the "a" used experi¬
mentally. In order to test this point the following
experiments /
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experiments were carried out,
A burette was attached to the tap at the foot of
the column as has been described above, and from it a
solution of 30 g./lOO mis, of glucose was run into the
column up to the level of the top of the upper stopper.
The heatihg and cooling system was then turned on and
the column allowed to operate for 30 mins. A sample
from the foot of the column was then analysed by the
refractometer. This solution was then removed and,
after cleaning and drying, the column was filled with
fresh solution, to the top of the upper stopper once
more. Then a Iniown volume was run out again into the
burette and the remaining column.of liquid diffused,
A series of such determinations were carried out and
assuming that the length of the liquid column was pro¬
portional to the volume of liquid in the column, it was
possible to graph change produced for various lengths
of solution, which, for liquids, is the same thing as
various lengths of column.
Results.
Solution used Glucose, 1.726 g-mol,/litre.
Volume of solution filling heated space of length




Heating:- Steam at 100°C« /'Gradient 95°C.















Heating;- Steam at 100°C. (Gradient 51°C,



















10 nil 1£S,0 1.883 0.157
11 £.00 119.0 1.883 0.157
1£ 6.50 98.6 1.880 0.154
13 11.00 78.1 1.876 0.150
14 15.50 57.7 1.847 0.1£0
15 £0.00 37.3 1.8££ 0.096
Length
of Final [Glucose]
Liquid at [Glucose] change













Heating Water at 55°C.



















16 nil 128.0 1.743 0.017
17 2.00 119.0 1.743 0.017
18 6.50 98.6 1.743 0.017
19 16.00 57.7 1.743 0.017
20 20.00 37.3 1.739 0.013
The second and fourth columns of each table are plotted
in Graph VIIA
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These results show that for the larger gradients and
higher mean temperatures the sej>aration is independent
of the length when the column is almost full. For
smaller gradients and lower mean temperatures the se¬
paration is independent of the length over a much
greater range. The temperatures used in these experi¬
ments were chosen in such a way as to test this parti¬
cular point at the limit of the experimental conditions.
In no case in the later experiments is a gradient
greater than 95°C. used, and in few cases only is the
mean temperature higher than 75°C., and even then not
much higher.
Thus under the conditions of working in the main
series of experiments the separation will not he direct¬
ly affected by the reduction in the length of the
column due to the withdrawal of samples for analysis.
The actual removal, then, is the only disturbing
feature, and, as has already been mentioned, this is
kept as small as possible by making the portions with¬
drawn small#
In addition, all experiments are strictly compar¬
able with each ouher in that they lie in a region for






It was desired to have some simple, even if only
approximate, theory to which the experimental results
might "be related.
The procedure adopted was to derive a theory for
the gaseous process first, "because there is a great
variety of experimental data with which such a theory
can "be compared. Then, having obtained a theory which
reproduced the main features of gaseous thermal diffu¬
sion, the same general principles were applied to the
liquid system.
It is desired to emphasise that the theory is in¬
tended to be approximate only: keeping this in mind,
the considerable measure of agreement between the cal¬
culated and observed results may be taken to show that
the method of approach is correct in its essentials.
Section I: A Simple Theory for Thermal Diffusion in
Gases.
Consider a mixture of two gases in a narrow cell
of constant volume the ends of which are maintained at
temperatures T~AT and T + AT the narrow central
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It is observed that the concentration of one
species increases in one region and decreases in the
other, and vice versa for the other species.
On simple kinetic theory there is no explanation
for this phenomenon. For, a molecule of one species
will diffuse from the T region to, say, the T+AT region
at a rate determined by the condition of concentration,
molecular diameter, mass, etc. At the same time the
reverse process may be visualised as taking place to an
equal extent: since the conditions along the path of
transfer are the same, no net change in concentration
should occur. This will apply to the other type of
molecule of the binary mixture, although the actue.1
path traversed in unit time would be different from
that of the first. No relative concentration gradient
is therefore to be expected, because, essentially the
conditions encountered in the path between the two tem¬
perature regions are regarded as the same, no matter
the direction of the transfer.
It has become apparent that the explanation of the
phenomenon lies in the fact that a molecule from the
T+ATregion on entering the T region does not at once
lost the characteristics which it possessed as a T+AT
molecule, the effect in general being described as a
"persistence of velocity" effect. Applying this prin¬
ciple to the above system, if a molecule from the T
region is regarded as "projected" into the T+ATregion,
the /
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tlie reverse projection of a T+AT molecule will not
exactly restore the original situation, because the
diffusional characteristics are not now the same
throughout the path of travel, A relative concentra¬
tion change will then occur which, since the total
pressure In the cell remains the same, must "be balanced
by a mass-mechanical movement of the whole binary mix-
ture in the opposite direction. This conception, sim¬
plified so 88 to bring out the main essential features,
is taken as the basis of the following treatment, ap¬
plied in the first Instance to a binary gas mixture.
Gas System.
For the diffusion of a particle A through a gas X
at concentration fx] , the rate of diffusion at a teiji-
d* a
perature T may be taken as —where J)* is a
diffusion constant containing molecular weight and
diameter factors only. If the A particles are of con¬
centration [a] the number of a molecules diffusing in
J)A
a given direction in unit time will be [A]
Where the a particles diffuse through a binary
mixture of X, ond \z molecules, the time taken to diffuse
a given distance in the mixture may be taken as the
sum of the times for the constituents considered singly.


















Let the binary gas mixture he represented, by two
different molecules of mass P'], and and of diameter
<37 and <rz and of concentration x, and x2at tempera¬
ture T . Since the total gas pressure remains con¬
stant, the corresponding concentrations at T + AT and
T - AT will be
x,. T X,. T_ and. x,. T T
T+AT T+AT T-AT T-AT
Applying the above formula, the number of PT molecules
passing
(a) from T to T+AT will be











(b) from T to T-AT similarly Ax' = x, T-AI
T *1*1
Similar expressions will hold for fT
This flow must be balanced by a movement of the
whole mass of binary gas mixture in the reverse direc¬
tion where now the relative numbers of 1% and mole¬
cules will be determined by the relative concentrations
of /
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X« _ j XLof 1*1, and. M,, i.e., — okoLIA
x,-+-Kz x.-tXi
Consider, first, the number of fj, molecules thus
moving
(a) from T+AT —> T* (i) <^n.c Ax^ "T —f T+AT
= Ax,
*,+*z
(ii) dun. A Axz -fy^ru-L^j ~f —> T+AT
= Axz1 x,+ xz
(b) from T~ AT ~> T (l) cAx Z<> AX, T ~> T~AT
= Ax/
X,-f Xj




Similar expressions will hold for |*|z in this case also.
Finally, excess of 1^, over 1^ molecules moving from
T-AT t T to T +AT
A3 = ( Ax, - Ax, \ _ Zxi ^Ax^-Axj^
X,+ Xt \ / X,+ XA /
Substituting the values given above for the Ax,, Ax^etc.
AS = D"*)x, + xt T \ *,x2 -K,xz/
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If the D terms are regarded as temperature inde¬
pendent over a short temperature range, we have an
integration
5- T
It will he observed that in the above treatment, se¬
paration is essentially due to the fact that the dif¬
fusion is invorsely proportional to the concentration,
which is, in its turn, controlled in relation to tem¬
perature by the simple gas law. It is therefore ne¬
cessary to enquire if such a simple formulation does
indeed indicate the essential features of thermal duf-
fusion in gases. It is first of all necessary to
evaluate the J) factors in terms of known quantities.
The coefficient of diffusion of a particle A
through a gas X will de;end mainly on the respective
masses and diameters. By simple kinetic theory as
applied to rigid molecules this coefficient may be
taken as
/-L- + J-VHaD ^ z
<£x
where and l^^are the respective masses and <5^






<STi *. 6/ z Xi
a*i, a
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where <5>2 etc. represent the sura of the radii of the
colliding molecules.
Inserting these values into the expression for S
given above we obtain





dj-i X, 6iz Xz
^\+ H, l/ifj.+
-I
Strictly speaking, this refers to the separation
in a smell time interval, but as the simple thermal
diffusion effect is very small, the values of X, $ X*
at equilibrium will differ little from the values at
time zero, and this expression may be taken to give the
equilibrium separation; this is supported by the fol¬
lowing considerations.
The expression brings out the essential features
of thermal diffusion as follows:-
1. Dependence on concentration.
No separation is, of course, obtained if X, or X2
is zero and there must be at least one value of X, and
for which the separation will be a maximum. This will
not necessarily occur at X, - for these are concen¬
tration factors in the last term also.
2. Dependence on the molecular weight.
If the diameters of the gas molecules be assumed
equal, then for any given concentration the sign of the
separation will depend on the relative magnitudes of
the molecular weights. Thus if we take x, = x2 = c>-s
and- * 'Tz = <Sz = cr
90
the expression reduces to
a5 °C ^7t
<rVz
and thus the sign of the separation depends on the
relative magnitudes of M, and. i^Ja..
3, Dependence on the diameter*
If we put in this ease * *z - o S <*r\d~ M, - - °'s
vre obtain a similar expression in which all the factors
are always positive except crz - <s^( and accordingly
the relative diameters determine the sim of the se¬
paration.
4, Dependence on the temperature.
The logarithmic dependence on the temperature is
entirely as expected and in complete agreement with the
Zi
rigorous expression derived by Chapman & Cowling, or by
Fiir-thf7
That the above simple theory does indicate the
essential features of gaseous thermal diffusion is
readily confirmed by comparison with the published re¬
sults
Further aspects of the theory will be given later:
for the present the main conceptions are now applied
to thermal diffusion in liquids.
Section /
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Section II; A Simple Theory for Thermal Diffusion in
Li fluids.
As has "been pointed out in the introduction, the
adaptation of a theory designed for a gas system to a
liquid has not, ir. the past, been particularly success¬
ful. However it is considered that in the case of
Thermal Diffusion the main essential features must he
at least similar in the two cases. For example, it is
to "be expected that the separation in the case of
liquids will be related to the temperature difference
and the molecular masses and diameters.
In applying the principles of gas diffusion theory
to the corresponding case of liquids, it is necessary to
obtain an expression for the rate of diffusion of a
molecule through a liquid medium. For large sized or
"macroscopic"particles, e.g., gold sol particles,
Stokes Law has been shovm to apply.
where Tj is the viscosity of a as msdiam and cL the
diameter of the particle, as is shown by the calcula¬
tion of IT, the Avogadro Number from the rate of fall
68
of sol particles under gravity. in ths esse of
the diffusion of a large dissolved molecule, hov/ever,
<>1




is preferable where nan does not differ appreciably
from unity. Finally, in the case of a small dissolved
molecule of the same type as the solvent molecule they
shov; (p.519) that a more correct expression is
tCTD -
^7
as applied, for example, to the diffusion of heavy into
7o
light water.
In the present case with a solute molecule ol mass
diameter d, , in concentration X, rnd of volume V,
we may include temporarily any such additional factor
in the value of ci bjhi pat
^ 00 ~hr~d.Tj
Since, in the caae of the aqueous solutions used in the
present investigation, the variation of T is in
general small compared \ ith variation in , the tem¬
perature is at present omitted from this expression.
4 ^
The effect of the inclusion of T will he considered
later.
In che case of gases the essential features of
thermal diffusion were derived by considering the dif¬
ference in diffusional characteristics in the hot and
cold regions as determined by the relative concentra¬
tions of the gas molecules as given by the temperature.
On analogous lines we o Id expect a general decreased
concentration in the liquid state in the hot region,
although the coefficient of expansion of liquids is in
general /
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general much leas than the corresponding figure in
gases. However the viscosity of the solution is in
itself a measure of this effect.
T~AT T T+AT
The num'ter of Pji molecules pas sing in the first
instance by thermal diffusion from region T to region
T+AT is thus propertional to Ax, where
Ax, = J£i. . I
7Jr->&y
This flow must "be "balanced by a corresponding flow
of 1^, and molecules in the reverse direction. Now
in the gas theory the volumes of the different gas
molecules were tacitly assumed to "be the same, by
Avogadro theory, for the same conditions; but in a
liquid, in a more closely packed condition, this is not
the case; distinction must be made between the volumes
of the molecules, via:- Vj and \fz . The balancing
flow is thus essentially a volume phenomenon.
Since /
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Since the number of molecules above transferred
from T to T+ AT was Ax, , their volume will "be Ax,V,
and this is the volume to "be considered as counter¬
balancing the flow. The volume proportion of mole¬
cules in the returned volume will be A *1^1 ■ v'*'
V,x,+ Vx^i
and the number of N'j, molecules will be Ax,V,. ___Xi_
VfX. +Vi
Thus collecting the various terms,
The number of M| molecules passing in the first in¬
stance
(a) from T -> T+AT, Ax, = X. . J_
^-1 yV+AT
(b) from T T-AT, Ax,' =
<*•< ^T-aT
Similar expressions will hold for the lV/|1 molecules.
Considering now the return flow, the number of Mi mole¬
cules
(a) moving T+AT -+T (l) due to Ax, moving T -+ T+AT
= Ax,v, *■
v,«,f X*,




(b) moving T-AT T (i) due to Amoving T T-AT
= Ax'v, —£
U +
(ii) due to Ax., moving T -» T-AT
-Ax.'V2 2.
V,V Vaxt
and similarly for the molecules.
Thus excess of f*|, over rfx molecules moving from T-AT
—> T ~* T +AT is
AS - V..V, x, (Ax,-Ax,') -X, (A*,-Ax,')
Substituting the values for Ax, , AxA,ete.,
AS =
I IV.+VL . AAI(_L_ _L
v,*,.vt i \yTMT jryy*, a,
In this general expression the viscosity factor
is always positive since tne viscosity of a liquid al¬
ways decreases with temperature in contrast with gases.
The direction of concentration change will therefore be
determined by the diameter foe tor j I if tnis
is positive the solute Mi of diameter d, will migrate
to the hot side corresponding to a smaller diameter d, .
For d, y d2 the factor will be negative and the solute
will concentrate in the cold region.
For /
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For the integration of this expression over a
finite temperature range, we must now include in the
expression for D the temperature term
i-' Poci
The theory so far has teen built on the assumption that
the change in as a result of change in temperature-
is large compared with the change in T , an assumption
justified for the aqueous solution conditions only whan
one mean temperature is considered and the gradient ap¬
plied at this temperature is not too large. For large
gradients and variations of mean temperature, however,
it is necessary to consider the introduction of the T
factor.
In the theory of thermal diffusion above, separa-
\
t.ion is envisaged as a result of the carrying of tem¬
perature characteristics into a region where the dif-
fusional characteristics are different, i.e., the mole¬
cule at temperature T is regarded as passing through a
region of viscosity VT+&r * ani difference in path
length from that of a molecule r-t temperature T passing
through a region of viscosity is regarded as
producing the separation. Accordingly, in the theory,




The finite separation achieved will then be given "by
the integration of this expression. For this purpose
we put / _ / _ a(jJ\ We then have for
ftr+aT ?r-*r '
a given solution in relation to T variation
dS = KTdfc'
3. (,<)








oLT A r2 A
0^5 = KT 3. TcLT = KB.etf'dT
a a
and g = K&fe^f'cLT
a
The integration of this expression gives
-8
//tV>
'ir-z-T '-t + '-W-'W
Now the variation of viscosity with temperature is
given for such a solution to a close approximation by
3'
77= e where = 2000 = "B for the temperature
range possible (£73 -• 373°A) . X =
_ 300. ^ x
■ •
-g * <suuu ~ T7
The above series is therefore convergent and no
great /
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great error is introduced "by taking S- ur" ma + constant.r\ 0 4*
If throughout this derivation, the variation of tem¬
perature had been neglected, we should have obtained
This simpler expression was in fact used for some con¬
siderable time, since it was thought that temperature
would have a relatively small effect. This is indeed
the case - the relative values of the two expressions
differ little from each other, and a numerical example
illustrating this point will be given later. However,
the complete expression including T has been used
throughout the main part of the text.
This expression now gives what is really the
initial rate of the Soret separation. What is actual¬
ly observed, however, is the convected separation. The
following assumption ia now made:-
(The rate or eonvected thermal diffusion} =•
(the rate of simple thermal diffusion) X
An expression is therefore required for the rate of
convection.
In his treatment of the seme problem for the
parallel /
The separation is thus
(th# rate of convection}
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parallel sided cell arrangement already described, P.
ss
Debye gives for the rate of the convection current
at the point a distance rtx" from the cold wall
L)[±J* _ J.)1
-/ 4- V(olj ^ Z'
the hot wall being at a distance "a" from the cold wall
and jb - coefficient of cubical expansion, ps density,
?7 = viscosity and T = temperature difference as before.
This equation is derived on the assumption that the
a.
velocity will be ttfO at x =o? z and cu « Fresuin-
ably the velocity will be trte same in magnitude but
opposite in cim for all points symmetrically arranged
a,
about xs z since each layer of liquid must m&fce a
complete circuit, because liquid cannot accumulate at
any point. The viscosity at such points, however,
must be different for the temperature win be different.
Vie taJte the appropriate viscosity to be inserted in the
above expression as the vi cosity at the mean tempera¬
ture of the column and assume that the feetor contain¬
ing. x is constant,
Finally, assuming that this erp repel on may be
directly applied to the column ve obtain
C oc /°UT (Wjx,*,./1 ' VT, T\^
Tjf + V\q 7,/
where AT replaces / and is the vioeosity at the
mean temperature, the viscor.iti.es at T, «*«*■ Tx being V/
u ft *
audi 7J^ respectively. fb her been assumed corstent
for /
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for the present: it will "be discussed later. Through¬
out the present work ^ is constant and so it has been
included in the proportionality constant. Neverthe¬
less it should be noted that the rate of separation
« *•
might be increased by increasing by centrifugal
methods such as those used by "Farber and Libby for
gases, as has been suggested?1
In the expression aL, and have been inter—
if positive
chnnced so that nownit represents the increase of Pf,
over rjx in the cold region (i.e., nt the foot of the
column - as measured experimentally), In using the
expression it is to bo noted th; t JS ia the separation
achieved between X, and xz. Thus if X, and xz
are the initial concentrations in g-mols./litre and
' /
X, and X2 are the final concentrations after the
period of thermal diffusion
Ss «- <) - (*, -
= (x, — X() (Xj. - x2^
= Ax, - Akz
where Ax, is th« enunge in concentration of the solute
as measured expc rU-en tally, Axt BJ&y be obtained from
Ax, by means of the relation
Ii,x,+ Mz*z = Mi*,' + MzxI - mass of solution ■
i.e., Ax, = fx2->0 = Ax, which is inserted1 v y Mz
above to give
sS = &x, + ^Ax,
and finally ^ = ^ ^
where /
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where t^/]l is the molecular weight of water and M, that
of the solute under consideration.
!To facilitate comparison with, the theory it has
"been usual In the present experiments to convert the
measured As, Into S making use of this relation.
Variation of Temperature Gradient.
(e.) Experimental.
A solution of 30 g. glucose In 100 mis. solution
was used throughout this series of experiments. Conse¬
quently for this series A? and s, are constant and
5 = k;m.(Z-
Vf U
where the- gradient Is defined by <dT » and ,
^ and 7J~ are viscosities at Tf , and T where
~T = i (V t) is the mean temperature of the column.
The glucose solution was introduced into the
column and allowed to diffuse under the chosen gradient
for 30 mins. A sample of the solution was anelysed at
this time and the change In ruler concentration was
taken re 'the initial rate for present purposes.
In the table of results given "below (see also
Graph VIII) the column Tc<wt refers to the applica¬
tion of a proportional correction to the observed mean
teraperavure f , as described in the experimental sec¬
tion. A correction is then required for the gradient
in /
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In caseg where a correction is applied to the mean tem




N? Tz T T XoRH. AT 4I«. Ax,
oBS.
£
1 59 41 50 - 18 - .0110 .127
2 66 39 53 - 27 - .0325 .356
3 83 21 52 - 62 - .0725 .795
4 72 42 57 «•* 30 - .0400 .440
5 69 17 43 40 52 46 .0400 .440
6 60 16 38 44 - .0365 .401
7 100 56 78 81 44 38 .1255 1.378
8 100 77 89 91 23 19 .0650 .712
9 100 32 66 71 68 59 .1790 1.960
10 100 43 72 76 57 49 .1520 1.670
11 100 16 60 64 64 73 .2005 2.204
12 60 42 61 - 38 - .0650 .712
13 86 35 61 - 51 .0830 .910
14 81 41 61 - 40 - .0815 .894
15 85 36 61 - 49 - .0935 1.026
16 93 25 59 - 68 «N» .1295 1.423
17 60 42 51 - 13 - .0110 .127
18 73 49 61 - 24 - .0325 ,356
19 63 3e 51 * 25 - .02-90 .320
20 62 17 39 43 .0340 .372
The /
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5oas-values are then plotted against the
gradient in graph (VIII) and as a subscript to each,
point is attached the mean temperature to which it re¬
fers. The points lie on isothermals defined by the
mean temperature, and it was decided to present these
results by calculating some of the isothermals by means
of the theoretical equation.
(b) Theoretical.
Of the constants re aired for this, and other
similar calculations, which follow, many are viscosi¬
ties. All viscosities are in aillipoises. The main
are
sources of this datan(l) International Critical Tables,
(2) L&ndclt Bornetein rhysikaiische Chemlsehe Tabellen,
(3) Thorpe's Dictionary of Applier Chemistry (Glycerol).
The values used were ostained by suitable interpolation
and extrapolation as required - usually by graphical
metoods. The calculation of the isothermals now fol¬
lows.
Glucose solution 30 g. /lOG mis. S = K ^~ (—
h U
where K' = 0.07 x 103 .
1. /
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1. Mean Temperature 40°C.
v) TL-TL cy^LC.AT fr 1< frVjz 7»/ £
BO 15.55 10.43 13.40 0.0814
40 " 20.89 53.75 0.3261
60 " 31.46 121.2 0.7360
80 " 42.27 217.5 1.321
2. Mean Temperature 60°C.
A-r ^ ATfj-IL) ~c*jlC.AT yT y, fe\7i J*) £
BO 10.38 13.74 26.49 0.161
40 " 27.43 105.7 0.643
60 " 41.54 240.2 1.460
60 " 55.55 428.5 2.600


















The values of yO are now Inserted into graph
(YIII) and lines drawn through them. It will be seen
that in general the points lie close to the Isothermals
to which they refer. It is to be noted that the same
constant /
106
constant has "been used to calculate all three curves.
V
Variation of Mean Temperature.
(a) Experimental.
In the experiments which follow the temperature
gradient vn? kept approximately constant and the mean
temperature of the column varied. The general experi¬
mental procedure was the same as in the experiments
juct described* The -rradient chosen m& 40°C« and
in t is case not only was a solution of "Tucoee (30 g/
100 ml*) used but also one of sucrose (SO e-./lOO al*)
end one of glycerol (30 g./lOO ml*)
Glucose Solution
No. T* r, T TofW. AT ^CoM Ax, SOBS'
i 84 45 65 39 - .089 .97
o
W 65 44 65 41 mm .096 1.05
3 61 SI 41 - 40 - .050 .55
4 GO SI 41 - 39 - .053 .59
5 46 5 £6 5>KWW 41 39 .021 .234
6 46 5 26 £5 41 39 .014 .157
7 100 60 •80 83 40 34 .165 1.81




No. Tz Ti T At ATCOM. Ax, jS™
l 46 6 26 25 40 38 .0037 .074
£ 100 5? 80 83 41 35 .0849 1.80
3 100 58 79 82 42 36 .0778 1.56
4 63 21 42 mm 42 - .0332 .66
5 85 45 65 » 40 • .0529 1.06
Glycerol Solution
No. Tz T, 7 ToSW. At atorr. >c<1 3065'
1 45 5 25 24 40 38 .0400 .245
£ 100 60 80 63 40 34 .154 .942
3 60 19 40 - 41 mm .0565 .396
4 100 63 82 85 37 32 .1620 .991
5 78 38 58 - 40 - .0730 .447
£
c 79 49 69 m* 40 mm .1135 .694
These separations are now plotted against the mean
temperature in Graph IX.
(t>) Theoretical,
These sepal tions have now teen calculated taking
At s 40°C, for- mean temperatures of £0, 40, 60 and 80°
C. Then taking suitable values for the constants, the











%>, (V' = 0-3S3)
20 26.12 14.84 0.568 0.200
40 15.55 20.89 1.342 0.473
60 10.38 27.43 2.648 0.933
80 7.43 34.66 4.665 1.644
Sucrose.






















It will "be observed that reasonably good agreement be¬
tween /
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between the calculated curves and observed points is
found. The slight discrepancies are regarded as due
to variation in the gradient. It will be seen that
all the gradients as observed were very close to 40°C.
The effect of the application of the correction was not
realised until after the experiments had been completed.
Variation of Concentration: Various solutes.
Since it has now been shown that the equation re¬
presents the temperature dependence of the separation
fairly closely, the dependence on concentration is now
examined.
(1) Experimental.
For all these experiments, steam (100°C.) and cold
water (10°C.) were used. Applying the usual correc¬
tions the actual gradient is then 80°C. and the mean
temperature 60°C.
In all these experiments the initial rate was ob¬
tained graphically as described in the experimental
section. The results were immediately converted into
jS values and graphed. A smooth curve was then drawn
through the points and from it were read off at speci¬
fied concentrations the values to be used for compari-
son with the theoretical values. For the present, only
iflucose, sucrose and glycerol are considered. The data


















3.75 1.009 0.411 0.002 0.012
10.80 1.026 1.205 0.009 0.055
21.10 1.052 2.410 0.017 0.104
29.60 1.074 3.449 0.019 0.116
38.50 1.098 4.592 0.014 0.086
48.50 1.125 5.930 0.010 0.061
64.20 1.169 8.035 0.005 0.031
Ill



















10.00 1.037 0.555 0.005 0.055
21.00 1.077 1,165 0.012 0.132
30.00 1.109 1,665 0.013 0.013 0.143 0.143
40.00 1.148 2.220 0,014 0.015 0.154 0.165
50.00 1.185 2.775 0.012 0.013 0.132 0.143
60.00 1.220 3.330 0.007 0.008 0.077 0.088
65.00 1.237 3.605 0.005 0.006 0.055 0.066





















5 1.^19 0.146 0,0010 0.020
10 1,037 0,292 0.0027 0.054
15 1.056 0.438 0.0040 0.080
21 1.077 0.614 0.0064 0.128
30 1.109 0.876 0.0073 0.146
40 1.146 1.168 0.0065 0.130
50 a1,131 1,461 ,0.0054 0.108
60 1,218 1.753 0.0040 0.080
Values /
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Since the gradient is constant throughout this
series the appropriate expression for 3 is
c oc flwKx* f ' - ±_ )fjL 2L\
In the present series of experiments J, } ^ and ^
are the viscosities of the solutions in use at
T, (lOO°C.) and Tz (20°C.) and T (60°C.) respec-
O
tively.^is the density at 20°C. The factor which
records the variation of density with temperature is
discussed later.
The evaluation of V and ai present some diffi-
culty. In the first instance it is assumed that if
the density <r of the substance is known, its mole-
jvl
cular volume V is given "by — where M is the "ordinary
formula" molecular weight. For glycerol and for water
the density in the liquid state is known, "but no figures
were found for the density of glucose or sucrose in the
liquid state at room temperature. The densities of
solid glucose and sucrose are available but are of
little use on account of the doubtful volume change on
melting.
The following procedure was adopted.
(i) it was assumed that the molecular volume of




(ii) densities at 20°C. of solutions of all the
solutes used containing 10 g. in 100 mis. were obtained*
and "by means of the identity
V,x, + Vzxx = volume of solution
the apparent molar volume of the solute in dilute
aqueous solution was calculated. It is realised that
if the same calculation Is carried out using the den¬
sity of a more concentrated solution, the result ob¬
tained for Vz will in general be slightly different.
The percentage error is, however, small and it was
therefore assumed that V was independent of concentra¬
tion.
It is to be noted that some assumption is essen¬
tial to obtain values of V( and \4 separately, as
distinct from (Vx, + .
For present purposes it was assumed that relative
±
values of the diameter d were given by V3 (This

























Using the figures in the last column the d and V




or from Molecular g.mol.




342.30 206.03 5.9062 0.04750
Glucose 1.6493 180.16 109.23 4.7802 0.02150
Glycerol 1.3113 92.095 70.230 4.1258 0.01227
Acetone 0.88548 58.079 65.590 4.0329 0.01113
Water 0.99823 13.016 18.048 2.6231
The other terms in the expression for S vary with
the concentration. Each term will be taken in turn,




















1 1.158 1.025 50.95 59.00 5.795 0.1770
2 2.410 1.052 46.05 111.0 7.340 0.1434
3 3.449 1.074 42.00 144.7 9.635 0.1115
4 4.592 1.098 37.49 172.1 11.75 0.0935
5 5.930 1.125 32.12 190.6 17.02 0.0661



















1 0,555 1.037 52,00 28.90 5.810 0.1780
2 1,110 1.076 48.60 54.00 7.360 0.1460
3 1.665 1,109 44.90 74.80 10.36 0.1070
4 2.££0 1.148 41.50 92,10 13.81 0,0830












litre) 760°C • 000
1 0.292 1.037 52.00 15.03 5.862 0.1780
2 0.614 1.077 48.15 29.55 7.880 0.1366
3 0.876 1.109 44.90 39.38 10.86 0.1020
4 1,168 1.146 41.42 48.40 15.66 0.0732




NO. T),oo -fj.o 0
1 3.35 13.3 89.3
2 4.04 18.5 76.7
3 4.90 24.7 64.29
4 5.97 35.3 54.14
5 8.21 55.3 40.15







1 3.43 13.3 95.8
£ 4.30 18.2 71.6
3 5.43 25.9 57.4
4 7.59 38.6 41.57





1 3.45 13.2 85.8
2 4.50 18.7 67.2
3 5.86 26.9 52.8
4 7.76 42.3 41,10
5 12.10 76.4 26.97
Collecting the various terms the calculations may





1 1.158 11.44 £.87
£ £.410 14.98 3.79
3 3.449 12.74 3.24
4 4.592 10.69 £.75
5 5,930 6.210 1,61




1 0.555 10.60 2.40
2 1.110 12.13 3.01
3 1.665 a 876 2.50
4 2.220 6.832 1.74
5 2,775 4.109 1.05
Sucrose
No. X, >5 O
1 0.£9210.90 2.71
2 0.61412.89 3.24
3 0 . 876 10 . 07 2.55





How, if instead of using 7/ ^ we had used
the form if ~ /r we should have obtained the re-
/<OQ /zo
suits given in the column <S . Although the ab¬
solute magnitudes are not the same, the relative values
differ by little within a series, and each series still
bears the same relationship to the others as it did be¬
fore.
The ^3 term was not included in this expression
due to the absence of sufficient data. International
Critical Tables give densities at 15, 20, £5 and 30°C.
only of various glycerol solutions and from these,
mean values of / may be calculated for the range 15 -
30°C. The values which are obtained are -
Glycerol Soln. Ho. 1 £ 3 4 5 6
/3x/0* 3.26 3.67 3.80 4.00 4.14 4.46
Since no data is available for glucose or sucrose
5C&LC.
for any of the solutes.
These SCf"~c are now compared with the experimen¬
tal values for S already described (5oas'J by con-
sideration of the ratio O -
£ CALC
Glycerol /
Glycerol x,5oas' 1.1580.059 2.4100.104 3.4490.111 4.5920.102 5.9300.072 8.0350.029
SC"LC' 11.445.16 14.986. 4 12.748. 1 10.699.54 6.21011.59 1.7386.69
Glucose ~ 5°9S 0.555.051 1.1100. 6 1.6650.155 2.2200.159 2.7750.135
QC/tLC.—












S'*"- 10.904.96 12.890.25 10.074.50 6.70119.40 3.7662 .90
Inconsideringthesr sultstwothingare"bnot d. (i)atlowconcen rationstherat fcalculatedtoobserveds p rationi
thesameforllfthhreesolut sconsidered.Deviationsariseth ghcon¬ centrations,andthehighert concentrationt wo sedt eeviat nsb come, (ii)amaximumisobtainednS°as' nd.eM'tthpositionsfthmaximaei g
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Glycerol Glucose Sucrose




which are seen to "be of the same order and in the same
sequence.
If the [S values are included in for Glycerol
it is seen that the agreement would "be slightly improved
at A,,a conens.
hut this alone could not account for the discrepancy a
since the /$ values change by about 30fo whereas the dis¬
crepancies are of the order of 300;r..
Since it has been shown that quite drastic altera-
•• //
tions of the Vr term have little effect on ti e result,
" //
the discrepancies must "be due to the cL term#
5CM.C. ■■the d. term has been
taken as independent of concentration and given by
ymolecular volume. In the development of the theory,
however, it was pointed out that d- included a factor
depending on the relative sizes of the diffusing mole-
exile and the molecules of the medium. As the charac-
ter of the medium alters on alteration of and Kz ,
the factor for the diffusing molecules (solvent and
solute) will progressively alter. This may be allowed
for semi-empirically, as follows, to show the direction
in which such a change in ci might operate.
When /
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When the diffusing molecule is very large compared with
the molecules of the medium
^ 3 77-JcL JX
When the molecules are all of the same size
D —7— c>C^ • oi
Following the same trend xvhen the diffusing molecule is
smaller than the molecules of the medium, presumably
the rate of diffusion will be faster still.
Thus, as the concentration of the solute increases,
the rate of diffusion of the solute molecule will re¬
latively increase; so al30 will the rate for the sol¬
vent molecule. If these increases are approximately
the same for a given concentration change, the (jc^~
factor will progressively increase, i.e., the direction
of this correction is such as to tend to decrease the
Q,oas / q/ CQLC " *
drift in the previous O / constants.
The effect which increased solute concentration
has on the correcting factor for diameter will depend
on how rapidly the Stokes formula is approached, from
the point of view of the relative sizes of the mole¬
cules. There appears to be no evidence on this point.
The following semi-empirical treatment is devised
simply to reduce as far as possible the drift of Se*LC'
to zero.




F « x + -§—
The seventh power of the radius which is implicit in
this expression may have some theoretical significance,
iS
Consider as an example the case of glycerol and
water.
Glycerol diameter ^ = 4.13: Water diameter = 2.62.
1. Water diffusing through pure water. X, = o^ dz - /
Fz = corresponding to D «
2. Water diffusing through pure glycerol. o} = o-o«.
Fz = 2-4.(a2 uhich is P>1 as desired.
3. Glycerol diffusing through pure water. s/zOJ (^-^J zzs-82.
F s 0-4 842 tohid is <^l as desired.
m
<4
4. Glycerol diffusing through pure glycerol. *,«o — = /.d cL,
•"■/}«/ corresponding to ^ again,
In the above, for simplicity, we have taken the
determining factor to be molar concentration; more
correctly the molar volume will be the deciding factor:
hence take
p = ± + __J—9 V,*1+9VZ^
Vg, , _V^
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This, of course, gives the same extreme values as "be¬
fore for X, or X^ = o .
The constant term (z"z ~ erj of the previous cal¬
culation is now to "be replaced by (jk. £l)\*2. </ ' In this
calculation the variation of \( with concentration has
been allowed for , so that M*, + = 1000 mis.
throughout , by assliming that Vz (water) does not vary.
indicates the corrected value of sSc"\c'
1. Glycerol d, = 4.13 (^)=23.82






1 82 918 0.420 1.695
2 170 830 0.513 1.875
3 244 756 0.606 2.000
4 325 675 0.728 1.820
5 421 579 0.905 1.780
6 571 429 1.317 1.760






1 63 937 0.546 1.57
2 124 876 0,744 2.18
3 191 809 0.953 2.90
4 252 748 1.150 3.51
5 315 685 1.464 3.89
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Suerose ^=5,91 (z) = 293,38




1 63 937 x . 10
2 133 867 2.03
3 191 809 2.90
4 254 746 4.03







It will be seen that as a result of this treatment
the effect of concentration has been largely eliminated
in the various series, The agreement is least good
for Glucose, which is possibly due to slight errors in
the viscosity figures in this case, as viscosities at
100°C• had to be extrapolated from 50°C. - the highest
temperature at which viscosities were available.
However, the agreement between the various series
at low concentrations is not so good as before, and it
would appear that this may be due to the values as¬
signed to cL being themselves incorrect. This
factor will be discussed in connection with the results
for acetone, which follow, because in this case the
term is negative, which means that the method
of calculating d. which has been used so far, is not
an appropriate method in the case of acetone.
Variation /
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Variation of Concentration - Acetone.
(a) Experimental.
Since solutions of acetone commonly boil at tem-
peratures well below 100°C., the use of steam as a
method of heating was not possible. Water streams at
49°C. and 7°C. were used. Applying the usual correc¬
tions this corresponds to a gradient of 38°C. and a
mean temperature of 26°C. (i.e., 45°C. to 7°C. ) This
was kept constant throughout the series.
For this series a sample of solution was withdrawn
at 10 minutes after the start of diffusion and the
change in concentration over this period divided by ten
was taken as the initial rate. The method of analysis
has been described in the experimental section and the
initial rates are converted into <S-values as usual.
These values are then graphed - (Graph XIII) - and the







ml/100 ml. [Acetone) per




10 1,48 0.003 -0.013 s
20 2.80 0.010 -0.042 2.741 -0.040
30 4.05 0.030 -0,127 5.481 -0.197
40 5.45 0.045 -0,190 8.228 -0.375
50 6.74 0.067 -0.283 10.960 -0.310
60 8.18 0.097 -0.410
70 9.15 0.088 -0.372
80 10.98 0,068 -0.287




Despite the fact that it was known that the theory
would predict for acetone a +ve, separation, it was de¬
cided to apply exactly the same method of calculation
to acetone solutions in order to see if the only
anomaly was the changed sign.






litre litre) % > W/ Vi*!
20 .9810 2.741 45.59 7.45 12.00 21,5 178 822
40 .9582 5.481 35.48 8.30 13.70 22.8 360 640
60 .9274 8.228 24,93 7.58 12.23 22.7 551 449
80 .8775 10.96 13.32 5.40 7.80 11.7 760 240
together with the data already given at the beginning
of the section. The various terms in the calculation
of S then are:-
[Ace¬tone] * <*°BS
mis/ JL \ h Y*^ J"lc *
100ml ^7Z6 X'X* % yV $ & S""
£0 0.0817 125.0 29.£ 0.49£1 0.0834 1£.3 -0.040 -.325
40 0.0699 194.5 26.0 0,7174 " £1,2 -0.197 -.929
60 0.0758 205.1 29.4 1.106 " 45.4 -0.375 -.822
80 0.1125 146.2 35.0 1.995 » 95.9 -0.310 -.323
It /
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It is seen that there is no regularity to he ob-
coiS / *
served in ^ /St*LC* It- is well known that the coef¬
ficient of cubical expansion f3 of organic liquids,
such as acetone, is much greater than that of water, so
presumably ji might vary quite appreciably with concen¬
tration. Such a correction might smooth the values out
somewhat, but could not explain the negative sign. As
already stated, this must be due to the method of
evaluation of the d factor which accordingly cannot
be correct for acetone.
The d- factor.
So far d has been taken as °c where <r is
the apparent density of the solute in solution and N
is its molecular weight. This value of course refers
to the volume which the molecule appears to occupy in
the solution and includes the "free space" in which
«
molecular movement or oscillation must be assumed to
take place.
In the case of glycerol and the sugars the mole¬
cular "diameter" calculated in this way is greater than
that similarly obtained for water, and the experimental
direction of salute concentration is thus in agreement
with the formula.
On the other hand the molecular diameter of ace-
ton© is approximately the same as glycerol on this basis,
the decrease in molecular weight from 92 to 58 being
counterbalanced by a decrease in density from 1.0 to 0.8.
If /
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If this method of calculation sufficed, the direction
and rate pf the thermal diffusion of acetone would "be
approximately the same as for glycerol - in direct op¬
position to experiment. It may be noted here that any
association of water molecules in the sense that the
diffusing water "molecule" is a "doublet" or higher
complex (HzO^ with a correspondingly higher molecular
weight would not remove this discrepancy. It is time
that the extent to which glycerol may be expected to
associate is greater than the corresponding association
of acetone but further extension of such corrections to
analogous examples of other alcohols leads to no uni¬
form representation. In a similar way, for equal
sizes of acetone and glycerol molecules, the factor of
the diffusion coefficient which was included in ^
must be approximately constant for a given concentra¬
tion: again there seems to be no explanation by this
method whereby acetone may be distinguished from gly¬
cerol. In general it would appear that the calcula¬
tion of relative diffusion diameters by the molecular
volume method is not sufficiently accurate for the pur¬
pose.
A distinction between the "molar volume diameter"
and the diffusion diameter has already been noted by
Glasstone laidler and lyring (p.521) for heavy water
70
from the experimental results of Orr and Butler.
Calculation shows that the plane of flow in diffusion
tends /
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tends to coincide with the plane of the water molecule,
since flow in this direction will take place most easi¬
ly. In the same way the effective diffusion diameter
of acetone must be much less than that calculated from
the molar volume.
In general, however, comparison with thermal dif¬
fusion results obtained by other workers shows that
acetone is not an isolated case in which the molecule
of larger molar volume migrates to the hot region.
So
Gillespie and Breck have pointed out that,in general,
that component, addition of which to the mixture causes
the density to decrease, tends to accumulate at the top
*7c
of the column. The results of ICorsching and UTirtz may
similarly be quoted.













































The present results are in agreement with this
generalisation: but it is to be noted that exceptions
may apparently occur. Thus in the above table no se¬
paration was found with benzene and cclohexane al¬
though the difference in densities is not less than in
the case of rt -hexane and n-octane for which a separa¬
tion was recorded, Berchenf also, in a Soret experi¬
ment, records the accumulation of ammonia of less den¬
sity in the cooler region and was careful to ensure
that the apparatus was so arranged that convection did
not destroy the separation. It would appear, however,
that if density is not the determining factor, it is a
property closely allied to It.
It is first necessary to enquire whether the ex¬
perimental method involving convection is not introduc¬
ing a factor independent of the actual thermal dif¬
fusion across the elementary strip. In such convec¬
tion, determined by gravity, the tendency will always
be for the liquid of less density to accumulate at the
top. There is therefore the possibility that the net
movement of acetone, say, is to the cold region as with
glycerol, but the resultant density is less than that
of the original mixture and mimht cause the convection
to "reverse."
It is to be noted that early experiments by
V/ereide^by the Soret method, involving no convection,





solutions of glycerol, etc., tut no observed separation
of acetone or of methyl or ethyl alcohols, all of which
are of density less than that of water. This then
might be the result of two competing influences, ther¬
mal diffusion to the cold region, balanced by convec¬
tion in the system.
Attempts were thus made to establish the direction
of the separation by a Soret experiment with no convec¬
tion in operation.
The aprr.ra-;us used was the inverted V-tube des¬
cribed in the experimental section. This design was
chosen in order to prevent convection obliterating se¬
paration: no matter to which side the acetone might
diffuse, the arrangement should be hydrodynamically
stable. The apparatus was filled with a solution of
50$ by volume of acetone in water, and sealed. Water
at 50°C. was passed rapidly round one side of the ap¬
paratus, and water at 5°C. round the other. The dif¬
fusion was allowed to proceed without interruption for
66 hours, because it was realised that the separation,
if any, would be small. After this time samples were
withdrawn and introduced into the cell of a Zeiss In-
terferometer• The separation observed was hardly
measurable, but the direction of this change was such
as appeared to indicate that some acetone had migrated
to the hot region.
A return was therefore made to the convection
column /
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column with three methods of approach -
(a) the time of diffusion was cut down to a minimum
consistent with measurement of concentration change:
any change in density would thus he small and slight
enough not- to reverse the normal direction of convec¬
tion.
Results: The Interferometer was used with a 10$ "by
volume solution. Even after only 30 seconds
diffusion some acetone had left the foot of
the column.
(b) the concentration of the solution was reduced as
far as possible: it is to be noted that the separation
with acetone solution is surprisingly small at low con¬
centrations, compared with, say, glycerol, or even com¬
pared with the separations it itself gives at higher
concentrations. Korscblng and Wirts record the same
kind of behaviour in alcohol/water mixtures, at low
4-1c
alcohol concentrations (p.264). It was thought pos¬
sible that at very low concentrations the separation
might be positive, corresponding to the case of neon-
41
ammonia mixtures in gases.
Results: 1$ (vol.) solution. Interferometer used,
30 seconds detectable reduction in acetone
concentration at the foot of the column.
(c) a ternary mixture of water, glycerol and acetone
was examined: if acetone really migrates to the cold
side, the simultaneous migration of glycerol would
bring /
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"bring the density up to a value ouch that normal con¬
vection takes place.
Results: For details see experimental section.
Sample B Sample C
Original Final Original Final
Concn. Concn. Conen, Concn.
(g-mol/ {g-mol/ (g-mol/ (g-mol/
litre) litre) litre) litre)
Acetone 0.09616 0.0935 0,1374 0.1262
Glycerol 0.2965 0.4050 0.1648 0.2950
Thus the glycerol goes to the cold side and the
acetone to the hot side in "both cases.
As a result of these experiments there seems to
"be no doubt that acetone really migrates to the hot
region in the first instance and that the reason, in
relation to the general equation, lies in over-simpli¬
fication of the diffuaion diameter. It is therefore
necessary to enquire further into its theoretical deri¬
vation,
Eyring has based the derivation of the diffusion
expression, on the general basis of liquid viscosity,
on the assumption that viscosity being a flow or rate
process, can be treated by the method of absolute re¬
action rates, as follows (cf. Chapter XX of ref, 69).
If two layers of molecules in a liquid at a dis¬
tance X, apart slide past each other under the in¬
fluence /
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influence of an applied force j~ dynes per sq. cm.
displacing one layer with respect to the other: and
if A*a is the difference in velocity "between the
two layers, the viscosity is by definition.
7) = 1%' zw
The motion of one layer with respect to the other is
then taken to involve the passage of a molecule from
one equilibrium position to another such position in
the same layer; for this a suitable hole must be
available, the production of such a hole requiring
energy used in pushing back other molecules. With X
as the distance between two equilibrium positions in
the direction of motion, \z the distance between two
neighbour in."' molecules in the same direction ( X may be
equal to X2 but this is not necessarily so) and X3
the mean distance between two adjacent molecules in the
moving layer in the direction at right angles to the
direction of motion, the viscosity j may now be expres¬
sed by
71 = . Al = X,& F/ \2A.jX1 K \jXJX1 F*
where & is Planck's constant, is the Boltzmann
constant for a single molecule, is the energy of ac¬
tivation at 0°K i.e., the height of the energy bar¬
rier, and K thefrequency with which a molecule
passes over the barrier. F and F^ are partition
functions /
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Sanctions of the molecule In the activated (V) and
initial states.
The process of diffusion is regarded as similar
to that of viscous flow in that two successive equi¬
librium positions are involved at a distance apart of
A/
\ . The diffusion coefficient is obtained as
D = (A')V
This equation can on?u.y hold for ideal solutions
or dilute solutions which approximate to ideal be-
havious. Two cases must then be considered -
(a) If X and K' for diffusion are identified
with the corresponding quantities for viscosity, as is
particularly the case for self diffusion, when the
diffusing molecule is of the same type and size as the
molecules of the medium the diffusion coefficient he-
comes
D =




In the diffusion of heavy through light water
previously mentioned X, is found to be somewhat less
than (Xx \->>y t thus showing that the diffasional
diameter <L is not strictly appropriate even in the
case of self-diffusion.
(b) ?/hen a large molecule diffuses through a
solvent /
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solvent of relatively small molecules, it Is regarded
as unlikely that the rate-determining step is the Jump
of the solute molecule from one equilibrium position
to the next, because of the large energy which would be
Required. The temperature coefficient of diffusion is
in fact the same as that of the solvent viscosity: it
is much more probable that the Jump of the solvent
molecule is the rate-determining process, the solute
molecule then moving into the vacant space. The dif¬
fusion coefficient obtained on this basis is then
T) °c —
cobalt a. iS a
factor of the order of unity, which allows for the
fact that the small solvent molecule may not take the
shortest path in its Journey round the large solute
molecule; and V- is the radius of the solute molecule.
This is less than the previous value for self-diffusion
by a factor of approximately 1.5.
Absolute values of diffusion rates have been cal¬
culated by evaluation of the appropriate partition
functions: at constant temperature and in dilute solu¬
tions, in one solvent, relative values of D are in-
/
versely proportional to 7n-z whei'e vx is the reduced
mass of the solute and solvent molecules treated as a
combined unit.




J) x 10 ^crn1 sec.'J
Solute Temperature (°A) Calculated. Observed
Methyl Alcohol 291 0.39 1.37
Amyl Alcohol 291 0.34 0.88
Glycerol £93 0.36 0.83
Glucose 291 0.32 0.57
Sucrose 293 0.34 0.57
The calculated -values are of the correct order of
magnitude, but for our present purpose do not appear
sufficiently accurate to be used in calculation of
the relative rates of diffusion. In such a treatment
there appears to be no general correlation between
density and rate of diffusion; indeed, in the previous
calculation, the coefficient for water itself would be
greater than all the others, and methyl alcohol would
thus be expected in thermal diffusion to concentrate in
the cold region in contrast to experiment.
The equations so far quoted have neglected any
deviation from ideal behaviour. For non-ideal systems
the diffusion coefficient becomes
T) = jf.
cL -6^ N,
where X>° is the coefficient for the ideal system. Here
the activity ou, = N, y, where y - activity coef¬
ficient of solute and IV, = mole fraction of solute.
Now tne activity of the component (i) is propor¬
tional to ios partial vapour pressure )>, in the mix¬
ture /
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mixture, so we have
d.j d-'&jzN,
In comparing the group "glycerol and the sugars",
which thermally diffuse to the cold region, with "ace¬
tone and the lower alcohols" which diffuse to the hot
region, it is obvious from their respective volatili¬
ties and the vapour pressure of their solutions that we
have here a corresponding wouping which does seem to
be generally related to the diffusion process. The
greater the increase in vapour pressure, per mole of
solute added, the greater will be the diffusion coef¬
ficient and the less the tendency to diffuse thermally
to the cold side. It would therefore appear that in
discussing the thermal diffusion of such solutes, the
SfltFOpriht© activity coefficients must be included:
since the activity coefficients will vary with the con¬
centration it is possible that some examples may be
found where diffusion will take place to the hot region
at one concentration and to the cold region at another.
Let us consider first the case of sucrose solutions for
73
whieh activities have been determined . At low con¬
centrations the activity correction operates in such a
way as to improve the agreement between calculated and
observed separations. At high sucrose concentrations
however the agreement is less good and eventually the
feetor /
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factor is caused to change sign, corresponding to dif¬
fusion of sucrose to the hot wall, which is in direct
opposition to experiment. The conclusion is that the
activity correction In itself is not a complete ex¬
planation of the differ nee "between calculation and ex¬
periment in the case of non-volatile solutes. In the
same way review of available data for acetone and the
lower alcohols shows that an activity correction alone
will not exnlain the uniformly negative sign observed
with volatile solutes; thus we are led once more to
the conclusion that the method of evaluation of the dif¬
fusion diameter is incorrect for solutes whose character
differs appreciably from that of water itself. The ex¬
perimental results may be talcen to indicate that such
molecules diffuse with their longer axis parallel to
the direction of motion and so present a smaller "front"
to the medium; thi3 seems to be aa far as we can tafce
the matter, at present, from this point of view.
Discussing the matter now, more generally, tbfe ob¬
servation that acetone diffuses to the hot side while
glycerol diffuses to the cold side, corresponds, on the
basis of the present theory, to the fact that in its
aqueous solutions acetone diffuses faster than water
While glycerol diffuses more slowly than water, i.e.,
it is the rate of diffusion of the soluto relative to
that of water in the seme solution which is the decid¬
ing factor. Consider then the case of water and gly¬
cerol /
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glycerol molecules diffusing through a mixture of gly¬
cerol and water. Both glycerol and water molecules
tend to form hydrogen Bonds Between themselves, and
each other. The diffusion of the v/ater molecule may
thus Be regarded as retarded By these Bonds which have
to Be Broken Before diffusion can occur; much the same
sort of considerations may Be taken to apply to the
glycerol molecule. As a result, the dlffusional charac¬
teristics - other than volune - are similar and the
rate of diffusion will Be determined By the relative
sizes of the molecules. In the ease of a solution of
acetone in water on the other hand, although a certain
amount of nnolisation may Be visualised as taking place
the molecule will suffer much less from hydrogen Bond
retardation than the water molecule, and as a result
despite its greater built it will diffuse more rapidly
than the water molecule and thus accumulate at the hot
side. It does not seem surprising that the diffusion
"constant" should change with concentration on this
Basis, Because change in concentration corresponds to a
change in environment. Direct evidence for the con¬
centration dependence of the diffusion coefficient has
74-
Been given By Furth. and co-workers, using the micro-
diffusion technique. The:/ ha\se shown that only in
'Very d!3.ute liquid solution" does the diffusion coef¬
ficient remain constant. In the ease of glycerol, at
low /
low concentrations, the variation is, it happens, not
very great hut in some cases, e.g., urea, the varia¬
tion is considerable, and for electrolytes greater
still. Further experimental work of wider scope is
clearly required, on the effect of concentration in the
case of both thermal and simple diffusion.
Iv/o Solutes. Let us now consider the possibility of
separating t*'0 substances dissolved in water by thermal
diffusion. The rate of separation of each solute will
depend on the difference between its rate of diffusion
and that of water in the solution. As a result, if
each diffuses at a rate which is quite appreciably less
than that of water - a condition which is commonly ful¬
filled since a large separation of each solute from
solution is usually desired - the respective differen¬
ces in rate in relation to water may differ little from
each other, and the separation of one solute with res¬
pect to the other will be negligible in comparison with
the total separation of them both from water. Further
the relative rates of separation of the two solutes
will more closely approach each other as the absolute
magnitudes of the rates decrease. Thus, since the
rate is controlled inter alia by the size of the dif¬
fusing particle, it appears that this method will be
unsuitable for the separation of large molecules from
each other, (e.g., starches, proteins or Isotopes of
uranium /
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uranium, using solutions of uranium salts, as has "been
15
suggested ), On the other hand, there might seem
good reason to suppose that the method would "be useful
'
for the removal of low molecular weight compounds from
those of high molecular weight, e.g., salt from pro¬
tein solutions which is at present carried out by the
rather slow method of dialysis. However, there ap¬
pears to be no record of successful separations in a
case such as this.
All this, however, applies to the ssqueous solu¬
tion conditions of the present experiments. If a sol¬
vent were found in which one of the solutes diffused
to the hot wall while the other went to the cold wall
there seems to be every reason to suppose that separa¬
tion would be rapid and efficient, just as in the case
of acetone and glycerol in water already described.
This method of attack would seem to offer the greatest
possibilities.
However, in view of the fact that partial separa¬
tions had been accomplished in cases where both solutes
went to the foot of the column (for an aqueous solution
41b 41c.
of electrolytes and a benzene solution of steroids }
it was decided to attempt a separation of two non-
electrolytes from aqueous solution in a similar way.
Experiments /
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Experiments with Two Solutes.
For these experiments two pairs of solutes were
considered: (!) Glucose + Sucrose; (2) Glycerol + Suc¬
rose; the results of these experiments now follow,
{1} Glucose + Sucrose,
The method of analysis is described in the experi¬
ments 1 section where it is noted that in this ease all
that is required is the factor by which the concentra¬
tion of each solute has changed at the time in question.
If these factors be now divided the one by the other
the resulting ratio will be a measure of the relative
rates at which the two solutes have concentrated,
Expt^ 1, Initial [Glucose] 1,00 g-raol/litre
Init-iel [Sxicrose] 1,00 g-mol/litre
Time Factor for Factor for (huerose] factor
(lain) jGlucose] Increase [Sucrose] Increase (Glucose] factor
0 1.00 1.00 1.00
2 1.02 1.00 0.98
5 1,02 1.00 0.93
10 1.05 1.03 1.02
00 1.08 1.03 1.05
30 1«10 1.05 1.05
115 1.10 1.00 1.01
Expt. /
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Expt. 2, Initial [Glucose] 2.00 g-mol/litre
Initial [Sucrose] 1.00 g-rnol/litre
Time Factor for Factor for [Sucrose] factor
(min) [Glucose] increase (Sucrose] increase [Glucose] factor
0 1,00 1.00 1.00
5 1.04 1,05 0.99
10 1.04 "1.04 1,00
20 1.04 l.C-3 0.99
30 1.04 1.04 1.00
120 1.04 1.03 0.99
Expt, 3. Initial [Glucose] 0.50 g-mol/litre
Initial [Sucrose] 1,00 g-mol/litre
Time Factor for Factor for feucrose] factor
(rain) [Glucose] increase [Sucrose] increase piucosg factor
0 1.00 "1.00 1,00
5 1.03 1.03 1.00
10 1.17 1.09 0,93
120 1.17 1.12 0.96
Expt. 4. Initial [Glucose] 2.00 g-mol/litre
Initial [Sucrose] 0.50 g-mol/'litre
Time Factor for Factor for [Sucrose] factor
(min) [Glucose] increase (Sucrose] increase [Glucose] factor
0 1.00 1.00 1.00
5 1.02 1.05 1.03
11 1.02 1.07 1.05
120 1.12 1.15 1.03
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Expt. 5. Initial [Glucose] 3,00 g-mol/litre
Initial [Sucrose] 0.50 g-mol/litre
Time Factor for Factor for feucrose] factor
(min) [Glucose] increase [Sucrose] increase [Glucose] factor
0 1.00 1,00 1.00
5 0,98 1.13 1.15
10 0,97 1.09 1.12
15 0.99 1.17 1,21
120 1.02 1,17 1.15
If now, for all the solutions used, the ratio
fcuerose] factor jg averaged for time 10 mins. - correc-
[Glueose] factor
ponding to initial .rate conditions - and also for ISO







which shows that despite variations, due to difficulties
on the experimental side, a small separation is obaer-
ved, which is in the expected direction on the basis of
the general theory. Examination of the individual re-
suits shows that if the sucrose concentration is less
'than or equal to that of the glucose, better separations
are obtained in a short time than in a long time. But
if the sucrose concentration exceeds that of the glu¬
cose /
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glucose the separation appears to go the other way and
the glucose is preferentially concentrated, contrary to
expectation.
(2) Sucrose + Glycerol.
The separations obtained In the above experiments
were much smaller than had been expected even having
regard to the comparatively high molecular weights of
both solvent-fit for even although this is so, the mole¬
cular weight of one is approximately twice that of the
other. However, it was decided to make the ratio of
the molecular weights of the solutes even higher by
Investigation of the system Glycero1-SuerosetWator.
In this ease, in view of the fact that the above ex¬
periment with Glucose and Sucrose seemed to r.kow:-
(a) that there me no advantage in having a dispropor¬
tionately large amount of either component present.
(b) that n.o advantage was gained by extending the dura¬
tion of the experiment,
it was decided to carry out one experiment only.
In this? experiment the solution used contained
glycerol and glucose in equimolecular amounts. One
analysis only was carried out 10 minutes after com¬
mencement of diffusion. It seemed host to carry out a
large number of determinations on the same sample since
the experimental technique was rather difficult.
Results /
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Results (See Experimental Section)
Factor by which [sucrose] was increased 1.22
n " " [glycerol] " " 1,16
[Sucrose] fatgtor 1,05
[Glycerol] factor
Thus the separation is in the correct direction
on the basis of the theory, and of the correct magni¬
tude compared with the experiments on glucose and suc¬
rose; it is, however, undeniably small.
The general conclusion, on these experiments with
two solutes, is that no large separation is readily ob¬
tained under the conditions of the experiments.
The study of such separations is of great theoreti¬
cal interest, for it enables comparisons to be made be¬
tween the diffusion constants of two 3olutes under con¬
ditions such that the general environment is the same
for both. In particular, the rate of convection, the
viscosity and the temperature conditions, are all iden¬
tical, which is clearly a unique advantage. However,
it had become quite clear in the course of the experi¬
ments just described, that the difficulty of the analy¬
sis of mixtures such as these, made such an investigation
a major problem and not one which could be satisfactori¬
ly attacked as a sideline to the present research; ac¬
cordingly, no further experiments of this kind were car¬
ried out.
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The Separation at Equilibrium
It will have been noted in the introduction that,
in a description of some experimental work carried out
49
by Ritchie and Taylor on the convective thermal dif¬
fusion of copper sulphate solution, some solid crys¬
tallised out, after several hours diffusion. It has
also been noted that copper sulphate gives a large
Soret effect, so it is interesting to note this further
parallelism between the two effects. The point which
is of present interest is to examine whether the equi¬
librium separation of sucrose passes through a maximum
at 30 g«/l00 mis., where the maximum occurs in the
initial rate curve, or at some higher concentration,
or whether solid will be deposited in this case also.
A preliminary investigation was first carried out
to see how long it was necessary to run the experi¬
ments in order to obtain values which would he propor¬
tional to the equilibrium separations. "It was not in¬
tended to proceed to complete eauilibrium as this is
approached at an ever decreasing rate, and thus would
require a very long time for each experiment. For
these experiments a solution of 30 g. sucrose in 100 ml
solution was used. A sucrose solution of this con¬










In the light of these results it was decided that
5 hours would he sufficient for the purpose.
Accordingly solutions of sucrose of various con¬
centrations were sfchjeeted to thermal diffusion in the












0.876 0.156; 0.089 1.96 0.146
1.168 0.141; 0.135 2.76 0.130
1.461 0.173; 0.183 3.56 0.108
1.753 0.207 4.14 0.080
The experimental values in column (2) were averaged
and converted into S values (5- Ax,) as
usual. The values for the initial rate are included
for comparison. The values are plotted
against concentration in Graph XIV. It is seen that
the curve does not turn over "below 1.753 M (60 g/lOO ml),
although /
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although it appears to fall off slightly at hi-th con¬
centrations. This last solution was exceedingly vis-
eons and the column took quite a long time to fill with
solution. More concentrated solutions were not inves¬
tigated, In view of the tendency of sugar to form a
syrup it seemed more likely that the solution would
just get more and more syrupy rather than form solid.
The separation will in due course become less for it
must finally reach zero when the water concentration
becomes zero.
There seemed to be some possibility that, in the
course of an experiment of long duration, such as this,
some inversion of the sucrose in solution might have
occurred. In order to test this point some sucrose
solution, in a stoppered conical flask, was placed in a
boiling water bath and kept there for 5 hours. The
refractometer reading of this solution at the end of
this time was the same as at the beginning, thus show¬
ing that no change of this nature had occurred.
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Variation of the Concentration:
Xylose and Raffinose.
Brief mention should "be made of four initial rate
experiments which were carried out - two with xylose
and two with raffinose. In both cases the solutions
were made up "by dissolving a known weight of the pure
solute in a known volume of solution. The xylose was
anhydrous (C5H(<>05) out the raffinose was hydrated
(C,8H320,fe • 5H20) •
The solxitions were diffused in the column, samples
"being withdrawn at frequent intervals and analysed "by
the refractometer; the initial rates were then ob¬
tained graphically as already described, for glucose,









These figures are now incorporated in Graph XV
together with the corresponding data for Glycerol,










over of Graphs the values for glucose and sucrose at
higher concentrations have "been omitted.
Viscosity data for Xylose and Raffinose are
either incomplete or not available; the initial rates
have thus not been treated as in previous sections and
are presented purely as experimental results.
Comparing the various curves, it is seen that at
low concentrations, the initial rate increases with
increasing molecular weight of the solute. The turn¬
over at higher concentrations is, of course, largely
due to increase in viscosity which reduces the speed
of convection, as described in the theoretical section.
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Experiments using the Soret Effect.
It was assumed that the rate of connective thermal
diffusion was equal to the rate of simple thermal dif¬
fusion multiplied "by the rate of the convection, and
this was taken to he Justified on the ground that the
formula "based on it, accurately predicted the tempera¬
ture dependence of the separation.
It was considered, however, that it would "be in¬
teresting to attempt to verify this assumption directly
by measuring both the simple Soret separation and the
connected separation in the column and thus finding out
if the two were correctly related to each other by the
convection formula.
For this purpose a minimum of two solutes was re¬
quired, both giving large enough Soret effects to be
measured in a reasonably short time. Investigation of
the literature showed that hydrochloric and sulphuric
acids were suitable; they were also convenient due to
the ease of their volumetric estimation. Accordingly,
normal solutions (for which a maximum separation of
hydrochloric acid was obtained by Chipman7 ) of both
acids were subjected to a temperature gradient estab¬
lished between steam (100°C.) and cold water (5°C.) in
the straight Soret Tube A (described in the experimen¬





[Acid] g-mol/litre [Acid] increase
Solute g-mol/l. Upper Centre Lower in Lower portion
HC1 1,120 1.068 1.120 1.168 0.048
H2S0* 0.520 0.510 0.520 0.535 0.015
It will be noted that it is the separation at the
foot of the Soret tube which is considered! this cor¬
responds to the separation at the foot of the column
with which it will be compared shortly.
The figures in the last column are ta]cen to give
relative values of the Initial rate of the Soret se¬
paration. In order to calculate relative initial
rates of the convected separation from these figures
we require values for the convection. For constant
temperature conditions these are given by V- =
where f is the density of the solution and ij is its
viscosity at the mean temperature of the column. Since
the only figures available are at 25°C., these have
been used on the assumption that little relative varia¬
tion will occur between 25°C. and 50°C. - which is pro¬
bably justified since the solutions are so dilute. We
now form
P r. n
g _ L~ * [Ac/OJ (is/C*£AS£









The determination of the connective separation
presented some difficulty since the separation was so
rapid that the time of withdrawal was very critical.
For this reason equilibrium separations were measured
instead. This may seem rather arbitrary, but it may
be shown that it is justified. For the dilute (c. 5fo)
solutions used both the initial rate and the equili¬
brium separations are linear functions of the original
concentration and so bear a constant ratio to each
other. It was found that equilibrium was reached in






Original & - [Acid]
[Acid] Final [Acid] increase —
Solute g-mol/litre g-mol/litre g-rnol/litre S
KC1 1.120 3.050 1.930 378
HaS0+ 0.520 1.140 0.620 396
The results are seen to agree fairly closely; it
is now realised that a more severe test would have been
to use solutions whose viscosities were less similar.
However, since this was considered to demonstrate that




An attempt was also made to measure the velocity
of the convection directly. For this purpose the dif¬
fusion column was placed in a glass outer ^acJcet and
filled with normal hydrochloric acid, and to the acid
at the foot only was added a few drops of methyl red.
The water cooling and steam heating were then turned on
and the red colour passed up the tube, but in so doing
it got fainter and fainter on account of dilution. It
was considered, however, that the red colour was first
detectable at the top of the column in 2 minutes. It
is seen then that the convection current is fairly
rapid. The experiment was also repeated adding the
indicator at the top in case the alcohol in which the
indicator was dissolved had accelerated its passage to
the top of the column. In this easo also the red
colour could he detected at the foot in about 2 minutes.
No great accuracy is possible by the present method,
and the figures are not considered suitable for calcula¬
tion. Although there was no sign of the indicator con¬
centrating at the top or the foot, it is realised that
it is the speed of movement of the solute studied vdiich
is desired and not that of an indicator. A suitable
method would be the use of a radio-active isotope vdth
Neiger counters at top and foot.
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Further Theoretical Treatment Gases
In the discussion of the thermal diffusion of
liquids it was indicated that further development of
the theory was handicapped "by the lack of knowledge
concerning the diffusion diameter of the various mole¬
cules concerned. In the case of gases, however, due
to our greater knowledge of the conditions prevailing
in the gaseous state, a more detailed discussion is
possible. This is now given: for, although no experi- •
mental work has been done with gases in the present in¬
vestigation, it is considered very much to the point to
compare the gas equation with the published experimen¬
tal results and also with the other equations which
have been derived; and for this reason, that the model
on which the gas and liquid equations have been built
is essentially the same, and support for one equation
is incidentally support for the other.






and J) 1 similarly: x, a„a. x2 are the concentrations of
<,<i
the gases of molecular weight M. and Hi , and the or's
are collisional diameters. It is usual also to put
r
Examination of equation (1) reveals that for
given diameters and masses the sign of the separation
is always +-vt or -xk. or zero independent of the
relative concentrations; for a particular "binary mix¬
ture, there is no indication of a change in sign as
the relative concentrations are altered. To explain
41
such a change as experimentally observed "by Grew
for mixtures of neon and ammonia, it is thus necessary
to recognise the fact that the above simple equations
(1) and (2} are inadequate and a factor must he intro¬
duced which does alter with concentration. This may
"be identified with the interaction of molecule on mole¬
cule and may he expressed "by means of a force law,
which is not indicated by elementary hinetic theory.
Force Law Correction, (i) Case of Ammonia and Neon.
The sign of the separation depends on the dif-
ferenge "between the two diffusion coefficients J> ' and. :*/*x *1*2
when this difference is small, i.e., when mass and
diameter effects are approximately equal, any depar¬
ture /
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departure from 'ideal' conditions will have a relative¬
ly large effect. In the neon-ammonia separation
quoted we may talee neon (on compressibility grounds) to
approximate more closely to ideal gas law conditions:
the diffusion of a neon molecule through different
pressures of neon gas will then be approximately ac¬
cording to the abo-ve law. Similarly for the diffusion
of a neon molecule through different pressures of am¬
monia, we may assume more or loss negligible departure
from ideal conditions for the Me - NH3 collision. On
the other hand, while the ammonia molecule will con¬
versely diffuse through different neon pressures with
unaltered <r (=. c, ^ . for mixtures contain-NH,- Ne ^ J
ing increasing pressures of ammonia, the rate of diffu¬
sion will be smaller than the Ideal rate, because of
the "softness" of the HI! 3 molecules: thus the effec¬
tive radius ^ NHS-NH3 will be greater than the cor¬
responding radius in the NH3- Ne collision. The
equation map then be corrected by the addition of the
factor I +• X so that for x, - NH3 , *z = Ne











































It Is, of course, realised, and must be emphasised,
that the above treatment is a very much simplified ap¬
proach to a very complex problem.
Force Law Correction, (ii) General Case.
In the above discussion it has been indicated that
while the simple equation (1) gives some idea of thermal
diffusion factors it will not accurate! account for
the observed phenomena in actual molecules. A l+X
factor would then be required for each of the colli¬
sions M,-Mi , Mi- h , «n4. Mx-illthe affect, of such
factorc may then erectly niter the application of the
simple formula, and since it involves the square of the
diameter and only the square root of the mass, any
change in the effective diameter rill have a relatively
large effect. Thermal diffusion with actual molecules
cannot therefore be dealt with strictly on the simple
(riffi&-elastlc-epfcere> .kinetic theory basis above, but
must be largely dependent on the force lew governing
the approach of molecules.
An indication of the effect of such a force law
may be presented as follows. The above theory is
based on the assumption that the rate of diffusion on
the high temperature side is greater than that on the
low temperature side solely because of the decrease in
concentration of particles at the higher temperature.
More /
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llore correctly, tho rate of diffusion will "be deter¬
mined by the collision rate of the diffusing molecule,
and, in particular, if the number of collisions per.
sec. is the same in both temperature regions no thermal
diffusion will occur, no matter what the concentration
may be. Accordingly we proceed to evaluate an ex¬
pression for the number of collisions per second (per
unit volume).
•The number of collisions per second will be pro-
portional to the effective collision area and to the
velocity of the molecule only (since the pressure is
assumed to remain constant - of. Qlasstone -..J .;,,
i.e., Z. °< V<r dust V=^c2)1as usual.
Nov; let the repulsive force between the molecules
_ - K
be represented by F = ~^s where V is the distance
28
between the molecules: then following Frahkel , we
may derive Vo~l in terms of V only by the dimensioned
method.
K / -i \
Since ~pt has the dimensions of a force M LT Jf
K has dimensions (Mhs+I T 1) . Now mVZis of di¬
mensions (M L1 T so that — 2 is of dimensions ( L* ')
y*yV
The radius <J~ , being of dimensions L , must then be
proportional to ^ ^ s~' or to Vs"'
for constant rc and K« Hence the number of collisions
-+
is proportional to V. Vs'1 = V s~' .
Now /
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Nov; the velocity V will increase with temperature
and will thus he greater on the high temperature side.
If however, 5=s ("Maxwellian" molecules), the number
of collisions per second will "be constant for each side
being proportional to unity (V") ; in other words
thermal diffusion will not be observed.
If 5} 5 the number of collisions will be greater
on the high temperature side corresponding to a greater
V : in other words, on account of the constant pres¬
sure conditions, the diffusing molecule will move
further on the hot side than on the cold# This is the
state of affairs corresponding to the elementary theory
above; high values of S then tend to approximate to
kinetic theory conditions.
If s<5 the number of collisions will be pro-
w _L
portional to V to a -ve power, i.e., «<. y* , say,
and with V increasing with increasing rise of tempera¬
ture, this corresponds to the diffusing molecule moving
farther on the cold side than the hot. This corres-
38
ponds to the case of C02 -cyclopropane or of neon-am¬
monia mixtures in which the ammonia concentration ex¬
ceeds 0.£5 mole fraction.
It is thus clear that the above simple theory
cannot be directly applied to all gaseous mixtures be¬
cause of the force law.
Force /
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Force Lav Correction, (ill) Case of Isotopes.
In the case of two isotopes, however, while the
masses are different the diameter and force law correc¬
tions may be taken as the same for each species. The
numerical value of the T)t factor will depend on the
unknown effective diameter, but the ratio ~&T of this
factor to the coefficient I) of ordinary diffusion
will not contain a diameter term, and may thus he com¬
pared with the value derived from more rigorous theory.
With x, + X2.= / so that x, and.Xj.are the respective
relative concentrations, and the ratio of the isotopic
masses not far removed from unity, the coefficient
of ordinary diffusion may he taken as







Parry, Jones and Onsager quote Enskcg's result for
this particular case as
% = !££. .
/s
X,X i (5)




Comparison of teese expressions is oest shown by a
numerical example. With M, - 100, 1*1 x r 110, re¬
sults are .given in the following table under the head¬
ings (4), (5), and (6) respectively,,
Table of %r values |vj(-100t /%_= 110.
*» (4) (5) (6) (7)
0.1 0.0024 0,0008 0.0029 0.0015
0.5 0.0060 0.0106 0.0095 0,0042
0.9 0,0023 0.0038 0.0029 0.0015
Experimental determinations of for the case
of dissimilar molecules lcdcC Firry Ton.es and Or.sa.-er
to suggest that
t = o-35 Hz-*, ,X;Xz (7)
/V/
be \ised as a provisional value for the design of ap¬
paratus. These values are also included in the above
table.
It is to be noted therefore t'at formula (4) above
may therefore be employed to give reasonable values of
the Hr ratio.
Case of a Ternary Gaseous Mixture.
One advantage of the present representation lies
in the relatively simple calculation of the effect of
a /
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a third gas on the two-constituent separation. This
may he achieved as follows.
The time taken for one A molecule to diffuse
through X, molecules at concentration %, , plus XA
molecules at concentration x2 , plus x3 molecules at
concentration x3 , will he the sum of the times taken
to diffuse through each separately.
The derivation thereafter continues just as before.
Calculation then shows that the addition of a
small amount of a light gas such as hydrogen might he
expected to facilitate greatly the separation of gases
of similar molecular weight or of isotopes. This is
tJQ
in agreement with the conclusion reached by Gillespie




Thermal Diffusion in some aqueous solutions has
been studied, "by means of a Clusius & Dickel convection
column of the concentric cylinder type, made from soft
glass (height 1.28 metres, radial gap 0.68 mm.).
The property measured in all hut a few cases was
the initial rate of the separation of solute from sol¬
vent - a new departure in this field.
Most attention was given to Glycerol, Glucose and
Sucrose, end for these solutes the variation of the
initial rate with concentration and with temperature
was stxidied. Acetone, xylose, raffinose, hydrochloric
acid and sulphuric acid were also studied hut to a
less extent.
A new approach to the theory of simple Thermal
Diffusion in gases was used to obtain an equation which
was demonstrated, by comparison with experimental re¬
sults and with more rigorous theory, to be correct in
its essentials.
A similar model was then used to derive an equa¬
tion for the initial rate in the liquid state and in
the convection column. This equation was:-
where /
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where x/; and d, are the concentration, molecular
volume and. molecular "diffusion" diameter of the solute
and Xz} \4 and refer to the solvent (water).
jx f ^ and refer to the viscosity of the solution
employed at the hot wall (temperature Tz ), the cold
wall (temperature T, ), and at the mean temperature of
the column T [t= t(ji+ Tz)]- is the density of
the solution at 2Q°C, and is its coefficient of
cubical expansion. At =■ Tx-T, •
This equation predicts that with increasing con¬
centration the initial rate should increase, juas
through a maximum and subsequently decrease. With
this, the experimental results are in general agree¬
ment. Further, the rather complicated changes in the
initial race, which are observed experimentally as the
mean temperature, 7", and the temperature difference, AT,
are varied, are closely reproduced by this equation.
It is indicated that the term which is most dif¬
ficult. to evaluate is (~kz~ ui J * fhe method ci cal¬
culation used, which is based on molar volumes, fails
to account, for example, for the fact that acetone
alone of all the solutes studied, diffuses to the hot
wall and thence to the top of the column. The eon-
elusion is reached that this method of calculation of




Some experiments have been carried out with tivo
solutes in the same solution, and small relative se¬
parations recorded. A few determinations of equili¬
brium separations have been carried out with concen¬
trated sucrose solutions. Two non-convective Soret
experiments were carried out with dilute hydrochloric j
and sulphuric acids respectively.
Finally, the ready adaptation of the simple gas
theory, to explain some of the more complex phenomena
which are observed, has been demonstrated.
Finally the author wishes to thank: his supervisor,
Dr Mowbray Ritchie, for the constant advice, encourage¬
ment and assistance which he has given in the course of
this work, and Professor James Kendall for some useful
suggestions and a great deal of less direct assistance.
His thanks are also due to the Carnegie Trust for
a Scholarship, under which part of the work was car¬
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